In vitro Eimeria bovis sporozoites invade a wide range of cell types, and in the case of bovine cells, they may develop to firstgeneration schizonts. Often, however, they subsequently leave their host cell to invade a new one, which seems contrary to the classical way of infecting a cell by forming a parasitophorous vacuole. Using a standard, ''cell wound assay,'' we show that E. bovis can invade bovine endothelial cells by breaching the plasma membrane and may again leave the surviving cell. Eimeria bovis sporozoites also infected VERO and HT29 cells but obviously without damaging the plasma membrane. The same held true when bovine endothelial cells were exposed to tachyzoites of Toxoplasma gondii and Neospora caninum. According to a literature report dealing with Plasmodium yoelii sporozoites, breaching the membrane of certain host cells may be a common phenomenon for coccidian sporozoites but may not be for merozoites.
Eimeria bovis is a common and pathogenic coccidium of cattle, which may cause severe hemorrhagic enteritis (Daugschies et al., 1998) . Its endogenous development shows a number of peculiarities. Sporozoites are liberated in the host's gut and must invade endothelial cells of the central lymph capillaries in the villi of the ileum, where they replicate, forming multinucleated macroschizonts, which contain hundreds of thousands of first-generation merozoites. Second-generation schizonts and gamonts then develop quickly in epithelial cells of the large intestine (Hammond et al., 1944) . It is unclear how the sporozoites reach their destination. If migrating directly, they would need to traverse the ileum epithelial cell layer. Because invasion of cells by coccidia is a complex process involving the release of particular parasite products and an invagination of the host cell plasma membrane to form a parasitophorous vacuole (PV) around the invading stage (Dubremetz et al., 1998; Entzeroth et al., 1998) , one might speculate that sporozoites take a paracellular route on their way to the predetermined host cell. However, while monitoring the invasion of cells by E. bovis sporozoites in vitro, we have often observed parasites entering and leaving cells quickly and repeatedly, without harming them severely, as has been described by others (Fayer and Hammond, 1967) . A similar observation was recently reported by Mota et al. (2001) for sporozoites of Plasmodium yoelii, which similarly traverse hepatocytes in vitro. The latter authors suggested that these sporozoites may use an alternative mode of invasion by breaching the host cell membrane without forming a PV. This breaching of the plasma membrane would be followed by a rapid membrane repair, i.e., cells usually survive it.
To determine whether E. bovis sporozoites also share the ability to simply traverse cells, we performed several experiments using a variety of host cell types and compared the results with those obtained in the course of host cell invasion by Toxoplasma gondii and Neospora caninum tachyzoites.
The E. bovis strain was isolated in 1988 in the field in northern Germany and maintained by passages in calves (Fiege et al., 1992) . Sporozoites were isolated from oocysts according to Hermosilla et al. (2002) . Toxoplasma gondii (RH strain; Sabin, 1941) tachyzoites were harvested from the peritoneal cavity of BALB/c mice 48 hr after intraperitoneal injection of the parasites and were washed several times with phosphate-buffered saline (PBS), then centrifuged at 400 g for 10 min. Neospora caninum (strain NC-1; Dubey et al., 1988) was maintained in VERO cells. Tachyzoites were washed off the cultures and prepared as above.
The experiments used bovine aortic endothelial cells (BAEC), bovine spleen lymphatic endothelial cells (BSLEC), African green monkey kidney cells (VERO), and human colon adenocarcinoma cells (HT29). BAEC were isolated from freshly resected aortas by collagenase digestion (20 min in 0.2% collagenase type II [Worthington Biochemical Corp., Lakewood, New Jersey] in Puck's saline A [PSA, GIBCO, Eggenstein, Germany] salt solution at 37 C and 5% CO 2 ). They were washed, resuspended in endothelial cell growth medium (ECGM; Prom-FIGURE 2. Cell wounding and membrane repair effects in bovine endothelial (BAEC, BSLEC), African green monkey kidney (VERO), and human colon adenocarcinoma cells (HT29) after in vitro infection with Eimeria bovis sporozoites (10 4 sporozoites/10 cm 2 cell monolayer). Proportion of dextran-positive (wounded and repaired) cells. Vertical bar: standard error of the mean.
ocell, Heidelberg, Germany) supplemented with L-glutamine (2 mM), penicillin (50 IU/ml), streptomycin (50 g/ml) and 10% fetal calf serum (FCS), seeded on glass coverslips (15 mm, NeoLab, Heidelberg, Germany) and cultured in 4-well culture plates (Nunc, Wiesbaden, Germany) at 37 C and 5% CO 2 . BSLEC were originally prepared from bovine splenic lymphatic vessels and cultured as above. VERO cells and HT29 cells were purchased from the European collection of cell cultures (ECACC, Salisbury, United Kingdom) and maintained in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented as above.
Breaching of cell membrane by parasites and membrane repair were determined according to McNeil et al. (1999) by a ''cell wound assay.'' The assay uses a cell-impermeant tracer (fluorescein isothiocyanate [FITC] -labeled dextran, MW 10,000; Molecular Probes, Leiden, Netherlands), which penetrates wounded cells and is trapped inside after membrane repair. Cell monolayers on glass coverslips were exposed to the parasites (E. bovis: all cell types; T. gondii and N. caninum: only BAEC and BSLEC) in the presence of the tracer (5 mg/ml) diluted in the corresponding cell culture medium and incubated for 2 hr at 37 C and 5% CO 2 . Subsequently, the cells were washed 3 times with PBS to remove exogenous tracer and fixed 15 min in 4% paraformaldehyde (Merck, Darmstadt, Germany) . The glass coverslips were transferred to microscopic slides, covered with Mowiol mounting medium (Hoechst, Frankfurt am Main, Germany) and incubated at 4 C in darkness overnight. As a positive control, a cell monolayer was incubated as above, but without parasites. After 30 min of incubation, the monolayer was scratched with the tip of a blood lancet. Using a fluorescence microscope (Leitz excitation filter 515-560), the numbers of cells, parasites, and wounded or repaired cells were determined for 10 microscopic fields per coverslip.
The assay gave clear results. Endocytosed FITC-dextran was observed as a fine dotted pattern in the cell cytosol and was easily distinguished from homogenous staining in wounded cells (Fig. 1) . Dead cells, which did not reseal, were usually not labeled. In the positive control, dextran-positive cells were detected along the scratch mark (Figs. 1A, B) . FITC-dextran did not affect the motility and infectivity of E. bovis sporozoites or T. gondii and N. caninum tachyzoites. On principle, they moved by gliding and flexing on the cell monolayer and generally invaded all cell types offered, although in the case of E. bovis the infection was approximately 5-fold greater in bovine endothelial cells than in VERO or HT29 cells. Eimeria bovis infection of endothelial cells resulted in a relatively high proportion of dextran-positive cells. Using an inoculum size of 4 ϫ 10 4 sporozoites per coverslip, up to 2.5 and 3.5% of BAEC and BSLEC were stained, respectively. Uninfected control cells were only occasionally stained. The number of dextran-positive cells was a linear function of the number of sporozoites detected in the cells. The linear trend was highly significant as evaluated by the t-test (P Ͻ 0.001). Ratios between the numbers of parasites and stained cells were 0.95 Ϯ 0.23 and 0.91 Ϯ 0.08 in BAEC and BSLEC, respectively. In general, dextran-positive cells did not contain parasites.
These data strongly suggest that E. bovis sporozoites, as well as sporozoites of P. yoelii (Mota et al., 2001) , possess mechanisms of traversing cells before invasion of a final host cell for replication. Although on the basis of the performed cell wound assay we could not distinguish between breaching of the plasma membrane due to invasion or egress, findings on other apicomplexan parasites, as reviewed by Mota and Rodriguez (2001) , suggest that a mechanism of entry different from the classic way, i.e., from forming a PV, is involved. Considering that the ability to egress from once-invaded cells has also been reported for sporozoites of other Eimeria species, (Speer et al., 1971; Long and Speer, 1977; Danforth et al., 1984; Danforth et al., 1992; Chobotar et al., 1993) and T. gondii (Nichols and O'Conner, 1981; Speer et al., 1997) and that sporozoites of coccidia have been frequently found without a PV in the cytosol of host cells shortly after infection, both in vivo and in vitro (Aikawa et al., 1984; Danforth et al., 1992; Chobotar et al., 1993) , this capability to traverse cells seems common in the Eucoccidiida. As previously speculated by Mota et al. (2001) , the advantage could be an ability of sporozoites to reach their final destination by crossing physical cellular barriers, particularly in cases when the suitable targets of the parasites are not available at the place of entry into the host.
On the basis of this assumption, we expected that cells unsuitable for the further development of the parasite, i.e., VERO or HT29 cells (see Hermosilla et al., 2002) , would be traversed by the sporozoites more often than suitable host cells such as those from the bovine endothelium. However, the opposite was observed. Thus, the proportion of dextranpositive cells was considerably low in E. bovis-infected VERO and HT29 cell cultures. In general, it did not exceed the proportion of stained cells in the uninfected controls (0.026 Ϯ 0.016 vs. the controls, which were 0.038 Ϯ 0.038 in VERO; and 0.059 Ϯ 0.033 vs. the controls, which were 0.056 Ϯ 0.030 in HT29 cells) (Fig. 2) . This means that hardly any cell wounding or repair occurred because of E. bovis sporozoite penetration. The reason for this cell type-dependent difference is presently not known. It may depend on the cell donor species because sporozoites did not traverse cells of human or monkey origin, whereas traversal also occurred in other bovine cell types not included in this study (data not shown). Better understanding of the phenomenon would require knowledge on the molecular events accompanying the parasites' breaching of the host cell membrane and the related parasite egress, which is not available.
However, the ability of coccidian parasites to traverse cells without forming a PV seems to be limited to sporozoites. We could not study the behavior of E. bovis merozoites because there is currently no cell type available, which is regularly invaded by E. bovis merozoites in vitro. We repeated the experiments of Mota et al. (2001) with T. gondii merozoites using endothelial cells instead of hepatocytes and extended the study to merozoites of N. caninum. Both parasites invaded BAEC and BSLEC rapidly, but obviously only in the common manner by forming a PV (next generation schizonts developed within 2-3 days) because the proportion of dextran-positive cells in infected cell cultures was almost ''zero.'' Even using inoculum sizes that resulted in infection of 20 and 30%, respectively, did not change the pattern (data not shown). This stage-specific capacity of migration through cells may reflect the different requirements of the different developmental stages of apicomplexan parasites. In fact, the sporozoite stages are the forms of the parasite that encounter physical barriers to reach their final host cell and replication site for schizogony. Thus, the ability of E. bovis sporozoites to traverse by disrupting the plasma membrane of the host cell may be an essential requirement to overcome the physical barriers that separate the sporozoite from their final destination and to ensure a successful infection in the mammalian host.
We would like to thank K. Preissner in Giessen for the kind donation of BSLEC. ABSTRACT: We report an exceptionally high rate of infection by Haplorchis taichui (Nishigori, 1924) in human populations on Mindanao Island, southern Philippines. This intestinal fluke is seldom encountered, and this is the first report of high prevalence of infection (36%) in humans by H. taichui in the Philippines. The likely source of haplorchine infection has been linked to consumption of raw or undercooked freshwater fish containing infective metacercariae. The most common clinical symptoms appeared as upper abdominal discomfort or pain and borborygmi. Praziquantel (75 mg/kg divided in 3 doses in 1 day) was a well-tolerated and effective treatment for infection by H. taichui.
Food-borne trematodiases are an important cause of disease in humans that create an adverse economic impact in endemic tropical areas (Rim et al., 1994; WHO, 1995) . Until recently, the prevalence of heterophyidiasis in humans had been reported as very low in the Philippines. For example, less than 1% of more than 30,000 stool specimens examined in nationwide surveys during [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] were found to contain heterophyid ova (Cross and Basaca-Sevilla, 1984), with site-specific infection rates not exceeding 3%. Intestinal parasite surveys were conducted in 1998 and 1999 in 2 communities in Monkayo, Compostela Valley Province, southern Mindanao in connection with an outbreak of intestinal capillariasis (Belizario et al., 2000) . Survey results indicated heterophyid infection rates of 17% and 16%, respectively, in the general population (Belizario et al., 2000 (Belizario et al., , 2001 . Infections were reported as heterophyid (Heterophyidae) flukes on the basis of egg size and morphology, without definitive species identification. This report examined adult worms recovered after treatment of patients given praziquantel and provides conclusive identification of Haplorchis taichui (Trematoda: Heterophyidae) as the parasitic agent. Additional epidemiological background on the investigations conducted in 2000 from infection foci, including symptomatology and treatment of H. taichui infections, is provided. All clinical aspects of the investigation were conducted in full accordance with Good Clinical Practice Guidelines and provisions of the World Medical Association Declaration of Helsinki (amended, 1996) .
The barangay (village) of San Isidro is in the municipality of Mon- (Region XI) , Philippines, and located inland ϳ100 km north of coastal Davao City. Farming is the most common occupation, with corn as the major cultivated crop, followed by rice, coconut, and banana. Based on Rural Health Unit (RHU) records, nearly 35% of interviewed households (n ϭ 270) did not have dedicated toilet-latrine facilities. The people of San Isidro obtain water from 2 primary sources, i.e., rainwater and the Saug River. Rainwater is preferred for cooking and washing purposes. The river regularly provides freshwater fish, crabs, shrimps, and snails that supplement the diet with additional protein. A detailed description of the study site has been provided elsewhere (Belizario et al., 2000) .
A cross-sectional, active case detection survey was conducted in May 2000 in San Isidro. Health interviews and stool samples were obtained from residents with a history of recent bowel disturbance (abdominal discomfort or pain, or diarrhea, or both). The principal complaints, signs, and symptoms were noted, and a fresh stool specimen was obtained from each patient. Stool was examined as wet mounts using either the Kato thick smear (Kato-Katz) technique or the formalin-ether sedimentation technique (FEST) (Ash and Orihel, 1987; WHO, 1998) . Processed stool samples were initially examined under the microscope by trained microscopists assigned to the local government health facilities, with on-site cross-checking conducted by staff from the Diagnostic Parasitology Laboratory, College of Public Health, University of the Philippines Manila (UP-CPH). A subsequent independent quality control of sample results was conducted by UP-CPH. Using the Kato-Katz technique, heterophyid eggs in stool were counted along with other helminths (Ascaris lumbricoides, Trichuris trichiura, Capillaria philippinensis, and hookworm eggs) (Belizario et al., 2001) . Heterophyid eggs were counted on a standardized template grid and multiplied by a factor of 24 to approximate the number of eggs present per gram (epg) of feces. A classification of infection intensity ('burden') was used to represent light (1-100 epg), moderate (101-1,000 epg), and heavy (Ͼ1,000 epg) infections (Belizario et al., 2001) .
Sixty-seven patients infected with H. taichui were given commercially available praziquantel (Distocide, Shin Poong Pharm. Co., Ltd., Seoul, Republic of Korea), 75 mg/kg, divided in 3 doses in 1 day. Stool specimens were collected from 35 patients between 7 and 14 days after treatment and examined using the Kato-Katz technique. The Monkayo RHU microscopist performed the initial examination in the field, and the 10% formalin-fixed specimens were later forwarded to the UP-CPH Diagnostic Parasitology Laboratory for crosschecking and confirmation. Patient response to drug treatment was categorized as one of the following: (1) clinical cure, i.e., absence of eggs on repeat stool examination; (2) clinical improvement, i.e., lower intensity of associated symptoms and infection (eggs) on repeat examination; (3) clinical failure, i.e., similar or higher intensity of infection on repeat stool examination; and (4) indeterminate, i.e., no repeat stool examination possible (patient loss to follow-up or noncompliance).
Use of the Kato-Katz method or FEST revealed that 87 patients had evidence of heterophyidiasis, i.e., an overall infection rate of 36.0% (Table I) . From fresh stool, the Kato-Katz method revealed 31% of samples with heterophyid ova compared with 13.6% for FEST. Haplorchis taichui infection was seen in all age groups from 19 mo to 73 yr of age (mean 27.2). Infection prevalence was greatest (55.3%) in the 15-30-yr-old age group, followed by the 31-45-yr-old cohort, together representing 62% of the sampled population found infected among the 6 age groups. Infection prevalence was generally higher in age groups 5 yr and older, although 16.7% of children less than 5 yr of age had H. taichui infection. Overall, male subjects had a higher, but not statistically significant (chi-square, P Ͻ 0.05), infection prevalence compared with females (30%). The majority of cases (71%) had moderate to heavy infection burdens, particularly patients Ͼ15 yr of age. Most cases in age groups below 15 yr had light infections. The infection burden (estimated egg density) ranged from 24 to 26,256 epg, with a mean (geometric) egg count of 256 epg.
In San Isidro, 83 patients were interviewed for clinical signs and symptoms associated with H. taichui infection. A review of their histories showed that 38 (45.8%) patients complained of peptic ulcer-like symptoms, with upper abdominal discomfort or pain reported by 35 (42.2%), followed by borborygmi in 20 (24.1%) cases. Other complaints included nausea, chronic diarrhea, and weight loss. Fourteen (16.9%) patients reported no complaints and were considered asymptomatic. Although this was not a case-control study, most symptoms associated with H. taichui infection quickly resolved after completing the 1-day praziquantel treatment.
Thirty-five (52.2%) patients submitted specimens for follow-up stool examination after treatment. Using the Kato-Katz technique, 11 patients (31.4%) were found to have at least 1 helminth species infection. Only 1 patient (2.9%) had stool containing heterophyid eggs. The arithmetic and geometric means of Haplorchis egg reduction in stool were 99.3% and 98.4%, respectively, with an overall cure of 97%. Similarly, complete clinical cure was seen in 34 of 35 (97%) patients, with significant clinical improvement seen in the 1 patient who did not completely recover. None of the treated follow-up patients exhibited clinical failure. Clinical outcome was indeterminate in 40 (53.3%) of the treated patients because of loss to follow-up. In agreement with Radomyos et al. (1998), 1-day praziquantel administration appears well tolerated and effective against H. taichui and could be considered for use in a mass treatmentcontrol campaign.
Fresh stool specimens were obtained after treatment with praziquantel and fixed in 10% formalin for later study. For the identification of the heterophyid specimens, formalin-preserved stool was prepared as a standard direct wet mount and stained with iodine for detection of ova. Egg morphology identified a heterophyid-like origin but could not provide definitive species diagnosis. Formalin-preserved adult flukes were washed in physiological saline solution, mounted whole, either unstained or stained with carmine red, and mounted in Canada balsam (Ash and Orihel, 1987) . The condition of adult worms recovered from formalin-preserved stool varied from excellent to slight disfigurement of the integument. In most cases, preserved worms expelled after treatment with praziquantel could be adequately stained and identified. Photographic documentation was made using a Nikon UFX-DX microscope system (Figs. 1-4 ). All adult worms examined (Figs. 1-2) conformed to taxonomic descriptions for the genus Haplorchis Looss 1899 and specifically to H. taichui (Pearson and Ow-Yang, 1982) . Of particular differential diagnostic importance is the ventrogenital complex with a distinctive ventral sucker containing a crescentric group of 12-16 hollow sclerites, some ending in a laterodorsal notch (Fig. 3) . Operculated, thick-shelled eggs (30-35 m long, 15-18 m wide) examined from stool were within the described size range for this species and clearly showed the prominent ''shoulders'' at apex and thickened posterior prominence (Fig. 4) .
In Asia, H. taichui (Nishigori, 1924) has been reported in animal hosts from Iraq, India, Sri Lanka, Taiwan, Thailand, Malaysia, and the Philippines (Faust and Nishigori, 1926; Pearson and Ow-Yang, 1982; Radomyos et al., 1983 Radomyos et al., , 1998 Waikagul, 1991; Sukontason et al., 2000) . In Southeast Asia, human infections of H. taichui have only been described from Thailand and the Philippines (Cross, 1974; Waikagul, 1991) . This trematode species has been reported from natural and experimental animal infections in the Philippines (Pearson and Ow-Yang, 1982) . Natural molluscan (Melania juncea Lea) and picine (Puntius spp. and Ophiocephalus striatus Bloch) species serving as intermediate hosts of this parasite have been described from Luzon and Mindanao (Tubangui, 1947; Velasquez, 1973a Velasquez, , 1973b . The common source of infection for humans likely involves a variety of freshwater fish that serve as a second intermediate host and harbor infective metacercaria encysted in muscle tissue. Humans, domestic dogs, cats, swine, and the bird Bubulcus ibis coromandus (Boddaert) have been reported as definitive hosts of H. taichui in the Philippines (Velasquez, 1973a) . The full range of intermediate hosts and parasite distribution in the Philippines requires more investigation.
Haplorchine infections have generally been rare in humans but remain a concern because of occasional reports of severe pathologic changes in tissue (e.g., myocarditis) resulting from the minute eggs of heterophyids penetrating through the intestinal wall and lodging in extraintestinal sites (Africa et al., 1935 (Africa et al., , 1940 . High prevalence (63%) of H. taichui in humans has been reported as the most common intestinal fluke in northern Thailand (Radomyos et al., 1998) , indicating that this parasite can pose a significant health risk in certain endemic foci. In 1998, intestinal parasitism was identified as the second leading cause of morbidity in Monkayo. Hookworm was the most common helminth identified followed by C. philippinensis, heterophyid species, A. lumbricoides, and T. trichiura (Monkayo RHU Records, 1998) . Intestinal parasite surveys conducted after the discovery of capillariasis in the area in 1998 identified 17 barangays in Mindanao with heterophyid infections (Belizario et al., 2001) , representing the largest cluster of endemic heterophyidiasis so far detected in the Philippines and outside Thailand. Based on these findings, we suspect many of the infections were likely the result of H. taichui, although 5 other members in the Haplorchinae (Haplorchis Looss, Procerovuom Onji and Nishio, and Stellantchasmus Onji and Nishio) have also been reported to infect humans in the Philippines (Waikagul, 1991) .
Local eating habits almost certainly contributed to the high prevalence of H. taichui. The Saug River is a major source of fresh food for the local residents. Most people are fond of consuming a variety of freshwater fish, shrimps, crabs, and frogs. In particular, many freshwater fish are eaten raw and seasoned only with salt and vinegar, a local preparation called kinilaw. Among the local varieties of fish eaten are species of tilapia (Oreochromis sp.), paitan (Hypophthalmichthys molitrix), dalag (O. striatus), and buriring (Poecilia sp). Other popular methods of preparing and cooking fish, such as sabaw (boiling for several minutes) and sugba (grilling over charcoal), may result in incomplete cooking of flesh and be an insufficient means to kill the encysted metacecariae. The relatively lower prevalence of infection in sampled groups below 15 yr of age may reflect a lesser tendency to consume raw food preparations compared with adults.
The high prevalence of H. taichui found in the southern Philippines would likely have gone undetected had it not been for investigations on intestinal capillariasis in the area. More recent investigations have shown the infection to have a wider distribution in Mindanao than previously reported (V. Y. Belizario Jr., pers. comm.). The underreporting of unusual infections by clinicians is not uncommon because of a lack of familiarity with most trematode infections and the inexperience of laboratory diagnosticians detecting small helminth eggs. A number of factors may have contributed to the high prevalence of H. taichui in Monkayo. It has also been speculated that there may have been an increased risk of infection with this parasite, in addition to the C. philippinensis outbreak, a nematode associated with the consumption of raw or undercooked freshwater fish, as an indirect result of the severe drought conditions during the 1997-1998 El Niño Southern Oscillation climatic event. During that time, food crops were in short supply, which likely resulted in an increased reliance on nutrition derived from the river. It would seem reasonable to conclude that periodic climatic anomalies and conditions may influence exposure risk to helminthic infections by changing human behavior and food habits. If such associations exist, the public's awareness of increased risk during times of environmental stress, together with community education on proper hygienic handling and preparation of freshwater fish and the sanitary disposal of human feces, should help diminish the risk of heterophyid infections and other food-borne related parasitic zoonoses (WHO, 1995 (WHO, , 1998 ABSTRACT: Larvae of certain species of blowflies (Calliphoridae) can cause myiasis in frogs and toads, but there are few reports from North American amphibians. Of these, most are from toads (bufonids). In this study, we observe primary myiasis in a population of juvenile wood frogs, Rana sylvatica, collected on 22-23 August 2003, from southeastern Wisconsin and compare our observations with previous studies on myiasis from toads. Two (5%) of 39 frogs were infected by the blow fly Bufolucilia silvarum, with an intensity of 28 and 31, whereas 1 (2.5%) of 39 frogs was infected by the blow fly Bufolucilia elongata with an intensity of 14. We found that (1) B. silvarum lay eggs on healthy wood frogs, (2) eggs hatch, with first-instar maggots penetrating under the skin, (3) maggots develop to mature third instars within 13-16 hr of egg hatching, (4) maggots kill the host within 7-47 hr of egg hatching, and (5) maggots consume the entire frog carcass reducing it to bones within 42-59 hr of egg hatching. Our observations on the time of death and how quickly carcasses of wood frogs were consumed by these maggots compared with previous studies on toads suggest that finding infected juvenile wood frogs may be uncommon. Therefore, myiasis by these flies on wood frogs and other small terrestrial anurans may be a phenomenon that is much more common than is currently observed. This is the first report of B. silvarum and B. elongata causing myiasis in wood frogs.
Myiasis in amphibians is caused by larvae of dipterans from Sarcophagidae, Calliphoridae, and Chloropidae, some of which can cause substantial mortality in their amphibian hosts (Dasgupta, 1962; Crump and Pounds, 1985; Schell and Burgin, 2001; Bolek and Coggins, 2002 Bolek and Coggins, 2002) . Our observations on the rapid consumption of wood frog carcasses by these maggots suggest that myiasis on small terrestrial anurans may be more common in North America than is currently observed.
In North America, 2 species of Bufolucilia have been reported to cause myiasis in 3 species of amphibians. Bufolucilia elongata caused myiasis in 1 boreal toad, Bufo boreas boreas, and 6 American toads from Colorado and Wisconsin, respectively, whereas B. silvarum was reported from 48 bullfrogs, Rana catesbeiana, in California, 1 American toad from Nova Scotia (Canada), and 1 American toad from Ontario, Canada (James and Maslin, 1947; Hall, 1948; Anderson and Bennett, 1963; Bleakney, 1963; Briggs, 1975) . More recently, studies on the life history of B. silvarum from 9 American toads examined by Bolek and Coggins (2002) indicate that these flies deposit eggs on the back and flanks of the amphibian host. The larvae hatch and migrate under the skin where they form a single lesion in the paratoid glands, back, neck, and front or hind legs, where development takes place, and all infected toads die within 1 day to 2 wk of infection (Bolek and Coggins, 2002) . No other information is available on these flies infecting North American amphibians. In their review on the life history of B. silvarum, Bolek and Coggins (2002) hypothesized that juvenile terrestrial anurans that are diurnal and overlap in their ecology with this fly species may be more prone to parasitism by B. silvarum than is currently known. In this study, we report observations on the life history of B. silvarum and B. elongata in juvenile wood frogs, R. sylvatica, from southeastern Wisconsin and compare these data with infections by these 2 species of flies in American toads examined by Briggs (1975) and Bolek and Coggins (2002) from Wisconsin. Our observations indicate that these flies may kill small frogs in the genus Rana and consume the carcass more rapidly than toads and therefore may be less commonly observed parasitizing these hosts in nature. These observations may account for the numerous reports of myiasis of Bufolucilia spp. and other calliphorids such as Phaenicia sericata and Lucilia illustris in toads and rarely in other species of North American frogs (Anderson and Bennett, 1963; Stewart and Foote, 1974; Bolek and Coggins, 2002) .
Thirty-nine juvenile wood frogs were collected by hand in the woods during the day on 22-23 August 2003 at the University of WisconsinMilwaukee field station, Ozaukee County, Wisconsin (43Њ23ЈN, 88Њ2ЈW). All frogs were measured (2.97 Ϯ 0.27 cm) and examined for external lesions, eggs, or maggots. Frogs suspected of being infected were placed in individual 8.45-L tanks lined with moist paper towels for observation. Dead frogs were placed in 70-ml plastic jars along with their maggots and observed for time of carcass consumption. All other frogs were killed and necropsied within 72 hr of collection. Third-stage maggots from each frog were placed in individual 70-ml plastic jars containing moist sand and allowed to pupate. Some were boiled in distilled water and fixed in 95% ethanol and cleared in 10% KOH. The cephalopharingial skeleton and posterior spiracles of some third instars were dissected and mounted in glycerin as temporary slides. Adult flies were fed granulated sugar and banana peels for at least 24 hr before being killed by freezing and were pinned or preserved in 70% ethanol. Adult flies were identified to genus (Shewell, 1987) and to species by keys in Hall (1948) and Hall and Townsend (1977) . Prevalence, intensity, and mean intensity are according to Bush et al. (1997) . Student's t-test was used to compare differences in snout vent length (SVL), mean intensity of Bufolucilia spp. maggots, and time of survival (in hr) of American toads collected by Bolek and Coggins (2002) and wood frogs infected in this study. An approximate t-test was calculated when variances were heteroscedastic (Sokal and Rohlf, 1981 Only 3 of 39 (7.7%) juvenile wood frogs collected on 22-23 August 2003 were infected by green blow flies. Two (5%) of the frogs were infected with B. silvarum with intensities of 28 and 31, whereas 1 (2.5%) frog was infected with B. elongata with an intensity of 14.
The single frog infected with B. elongata was collected with a single lesion on the abdomen, with third-instar maggots being clearly visible; this frog died within 24 hr of collection. The other 2 frogs were collected with deposited fly eggs. These were white and attached to the amphibians back (Figs. 1, 2) . Neither individual appeared to show any discomfort and no wound or lesion was observed on the skin of these frogs. Eggs hatched on 1 frog collected on 23 August 2003 sometime between 11.5 and 19 hr after collection during the night, with second instars being present in a single wound on 24 August 2003 (Fig. 3) . Eggs hatched within 13.5-15.5 hr of collection on the second frog. Observations indicated that both frogs had single lesions on the right hip (Fig. 3) , with third instars being visible on the 2 frogs within 13-16 hr of egg hatching (Figs. 4, 5) . These 2 frogs died within 7 and 47 hr of egg hatching. Maggots of both species of calliphorids continued to feed on the carcass (Fig. 6 ) reducing it to liquid slurry of tissue and bones (Fig. 7) . Maggots consumed the entire frog carcass, reducing it to bones within 42-59 hr of egg hatching (Fig. 8) . Third-stage maggots of B. silvarum turned into pupa within 2 days after leaving the carcass remains and emerged as flies within 7-8 days at room temperature. Third-stage maggots of B. elongata turned into pupa within 3 days after leaving the carcass remains and emerged as flies within 7-8 days at room temperature.
Comparisons of SVL, mean intensities of Bufolucilia spp., and time of survival (in hr) of 9 American toads and 3 wood frogs infected with Bufolucilia spp. collected by Bolek and Coggins (2002) from Waukesha County, Wisconsin, during 1998 and this study are given in Table I . There were statistically significant differences in SVL, intensities, and time of survival among these hosts. Although these sample sizes are small, the 9 juvenile-infected toads were larger, had significantly lower intensities of maggots, and lived significantly longer in the laboratory. It is unclear why wood frogs had higher mean intensity of Bufolucilia spp. than American toads. Observations on egg hatching of B. silvarum in 2 toads by Bolek and Coggins (2002) indicate that toads vigorously rub their hind legs over their back as if they were trying to dislodge the eggs. We observed egg hatching on a single wood frog, which did not attempt to dislodge any eggs with its hind legs during hatching. It may be that American toads can reduce the number of calliphorid maggots by dislodging eggs during hatching. More importantly, our observations on the time of death and how quickly carcass of wood frogs were consumed by these maggots suggest that finding infected juvenile wood frogs may be uncommon. Bolek and Coggins (2002) reported that infected toads died within 1 day to 2 wk; the maggots never consumed the entire toad carcass before leaving to pupate. In addition, observations by Briggs (1975) on infections of B. elongata on American toads in Wisconsin indicated that numerous toads were observed alive and dead at his study site.
These wood frogs were significantly smaller than toads examined by Bolek and Coggins (2002) . Size probably plays a role in how quickly they are consumed by maggots of these flies. Adult wood frogs reach a maximum size of only 3-5 cm, and most adults spend long inactive periods in the leaf litter or under logs during the summer (Vogt, 1981) . The only common wood frogs found during the day in the summer are juveniles, and we suspect that this age group of frogs overlaps ecologically more commonly with Bufolucilia spp., which are diurnal (Hall, 1948; Vogt, 1981) . These observations, along with the known time of consumption of carcasses of juvenile wood frogs in this study, indicate that wood frogs and other small anurans that overlap in their ecology with calliphorids may be more commonly parasitized by these flies but are rarely observed compared with bufonids.
We thank Melissa A. Ewert, Brigham and Women's Hospital, Boston, ABSTRACT: Toxoplasma gondii isolates can be grouped into 3 genetic lineages. Type I isolates are considered virulent to outbred mice, whereas Type II and III isolates are not. In the present report, viable T. gondii was isolated for the first time from striped skunk (Mephitis mephitis), Canada goose (Branta canadensis), and black-winged lory (Eos cyanogenia). For the isolation of T. gondii, tissues were bioassayed in mice, and genotyping was based on the SAG2 locus. Toxoplasma gondii was isolated from 3 of 6 skunks, 1 of 4 Canada geese, and 2 of 2 feral cats (Felis catus) from Mississippi. All donor animals were asymptomatic. Viable T. gondii was also isolated from 5 of 5 lories that had died of acute toxoplasmosis in an aviary in South Carolina. Genotypes of T. gondii isolates were Type III (all skunks, lories, and the goose) and Type II (both cats). All 5 Type III isolates from birds and 2 of the 3 isolates from skunks were mouse virulent.
Toxoplasma gondii infections are widely prevalent in human beings and animals worldwide (Dubey and Beattie, 1988; Tenter et al., 2000) . Postnatally, humans become infected by ingesting tissue cysts from undercooked meat or consuming food or drink contaminated with oocysts. However, only a small percentage of exposed adult humans develop clinical signs after exposure. It is not known whether the severity of toxoplasmosis in individuals is due to the parasite strain, host variability, or other factors. Overall, there is low genetic diversity among T. gondii isolates so far examined. Toxoplasma gondii isolates have been classified in 3 genetic Types (I, II, and III) based on restriction fragment length polymorphism (Howe and Sibley, 1995; Howe et al., 1997; Grigg, Bonnefoy et al., 2001) . It has been suggested that isolates of Type I and II are more likely to result in clinical toxoplasmosis in humans, but genetic characterization has been limited essentially to isolates from patients ill with clinical toxoplasmosis (Howe et al., 1997; Fuentes et al., 2001; Grigg, Gantara et al., 2001; Aspinall et al., 2003) . The prevalence of T. gondii types in asymptomatic humans is unknown. In 1 study, all 86 isolates of T. gondii obtained from women (or their fetuses), who acquired infection during pregnancy, were genotyped: 73 were Type II, 2 were Type III, 4 were atypical, and 7 were Type I (Ajzenberg et al., 2002) . Most reported isolates of T. gondii from domestic animals from the United States and Europe were Type II or Type III (Howe and Sibley, 1995; Mondragon et al., 1998; Owen and Trees, 1999; Dubey, Gamble et al., 2002; Jungersen et al., 2002; Lehmann et al., 2003) , irrespective of clinical status. Recently, 70% of isolates of T. gondii obtained from asymptomatic free-range chickens from Brazil were Type I (Dubey, Graham et al., 2002; Dubey, Graham, Silva et al., 2003; Dubey, Navarro et al., 2003) .
Little is known of the prevalence and distribution of genotypes of T. gondii in wildlife species. Recently, we reported genotypes of T. gondii isolates from white-tailed deer, raccoons, coyotes, black bears, and foxes (Dubey et al., 2004) . In this study, we describe the genetic and biologic characteristics of isolates of T. gondii from striped skunks (Mephitis mephitis), a Canada goose (Branta canadensis), and black-winged lories (Eos cyanogenia). This is the first report of isolation of T. gondii from skunks, geese, and lories.
The 6 skunks and the 2 feral cats (Table I) (Table I) . The birds had died of acute toxoplasmosis (P. G. Parnell, unpubl.). Tissue fluids were obtained from these birds for serology because serum was not available. In the first batch, livers from 3 lories (nos. 1-3) were sent from South Carolina to Maryland for confirmation of diagnosis. When it was realized that the livers had been frozen for 6 days at Ϫ20 C, the eviscerated carcasses of the animals were retrieved from the cold storage and muscle tissue was removed for parasite isolation. Fluid for serology assays was obtained by compression and partial maceration of liver tissue. In the second batch, livers and lung tissue from 2 lories were obtained; fluid was taken from lung tissue for serology.
Serum samples were tested for antibodies to T. gondii with the modified agglutination test (MAT) as described (Dubey and Desmonts, 1987) . Sera were diluted 2-fold starting at 1:25 or 1:5 dilutions.
Squash preparations were made from the brains of the skunks and cats and examined microscopically for the presence of tissue cysts. Brains from cats, skunks, and geese were bioassayed in outbred female Swiss Webster mice obtained from Taconic Farms, Germantown, New York, as reported previously (Dubey, Graham et al., 2002) . Each brain was homogenized, digested in acidic pepsin, washed, and the homogenate inoculated subcutaneously into 5 mice . Avian tissues were homogenized in 0.85% NaCl aqueous solution (saline), and the homogenates were inoculated into mice without digestion in pepsin. Tissue imprints of mice that died were examined for T. gondii tachyzoites or tissue cysts. Survivors were bled 5 wk postinoculation (PI), and a 1:25 dilution of serum from each mouse was tested for T. gondii antibodies with the MAT. Mice were killed 62 days PI, and their brains were examined for tissue cysts as described (Dubey and Beattie, 1988) . Mice were considered infected with T. gondii when tachyzoites or tissue cysts were found in murine tissues.
Samples of lung tissue from dead mice as well as from those killed were frozen at Ϫ70 C for DNA characterization as described (Lehmann et al., 2000) . Polymerase chain reaction-restriction fragment length polymorphism genotypes of the SAG2 locus were used to genetically characterize the isolates (Howe et al., 1997) .
Toxoplasma gondii was isolated from the brains of 3 of 6 skunks (Table I ). Mice inoculated from the brains of 2 skunks died from acute toxoplasmosis with demonstrable tachyzoites. These isolates of T gondii also killed subinoculated mice. Tissue cysts of T. gondii were found by direct microscopic examination of brain smears from skunk no. 3. Individual tissue cysts were microisolated from the brain homogenate of skunk no. 3 as described (Sreekumar et al., 2003) and inoculated subcutaneously into 3 mice, 1 tissue cyst per mouse. The mice inoculated with individual tissue cysts died from acute toxoplasmosis 13 days PI with numerous demonstrable tachyzoites in lungs. All isolates of T. gondii from skunks, including clones were Type III.
Antibodies to T gondii were found in 1 feral cat examined, and T. gondii was isolated from the brains of both cats bioassayed; both isolates were Type II (Table I) . Toxoplasma gondii was isolated from the brain of 1 of the 4 geese sampled, and this isolate was Type III.
Viable T. gondii was isolated from the tissues of 5 of 5 lories; all 5 isolates were Type III and were virulent for mice (Table I) . A few mice inoculated with these avian tissues died 1-5 days PI because of bacterial infections and were discarded (Table I ). Numerous T. gondii tachyzoites or tissue cysts were found in tissues of dead birds. No viable T. gondii was isolated from frozen livers, confirming earlier findings that freezing kills T. gondii (Dubey and Beattie, 1988) . Antibodies to T. gondii were found in fluids obtained from avian tissues (Table I) .
Isolation of viable T. gondii in the present study from the skunk, black-winged lory, and goose is a new host record. Walton and Walls (1964) found T. gondii antibodies in 1 of the 5 skunks from Georgia but were unable to isolate the parasite from the brains of 4 skunks bioassayed in mice. Diters and Nielsen (1978) histologically diagnosed toxoplasmosis in a skunk that was immunosuppressed due to concurrent distemper virus infection. Dubey, Hamir et al. (2002) found a T. gondiilike tissue cyst in tongue of 1 of 4 skunks. However, the diagnosis could not be confirmed in either of these 2 previous reports.
Among the avian hosts of T. gondii, passeriform birds are most susceptible for clinical toxoplasmosis (Dubey, 2002) . There are a few reports of clinical toxoplasmosis in birds of the Psittaciformes. These reports include toxoplasmosis in 2 budgerigars (Melopsittacus undulatus) from Switzerland (Galli-Valerio, 1939) , 1 Swanson's Lorikeet (Trichoglossus moluccanus) from the Netherlands (Poelma and Zwart, 1972), 1 regent parrot (Polytelis anthopeplus), 1 superb parrot (P. swainsonii), and 1 crimson rosella (Platycercus elegans) from Australia (Hartley and Dubey, 1991) . There is 1 report of clinical toxoplasmosis in a red lory (E. bornea) from the United States. (Howerh et al., 1991) . A T. gondii-like parasite was found histologically in sections of tissues of this bird. Serum and unfixed tissues were not available for confirmation in any of the reports in Psittaciformes.
Both antibodies to T. gondii and viable organisms were found in black-winged lories. A few of the mice died of bacterial infection 1-5 days PI with avian tissues. The tissues had been stored in a cooler for 7 days before bioassays were performed. The lories had died of T. gondii-associated hepatitis and pneumonia, and therefore muscle tissue was not collected initially for T. gondii examination.
Before molecular genotyping (Howe and Sibley, 1995), T. gondii isolates were grouped as mouse virulent or mouse avirulent based on infectivity in outbred mice. However, mouse virulence has no correlation with disease in humans or domestic animals (Dubey and Beattie, 1988) . For example, the strains of T. gondii isolated from tissues of aborted ovine fetuses were not mouse virulent. Initial studies by Howe et al. (1997) indicated that all Type I strains of T. gondii were lethal for mice, irrespective of the dose, whereas Types II and III were relatively avirulent for mice. However, data are now accumulating that indicate that based on the SAG2 locus the phenotypic and genetic characters may not be tightly correlated (Ajzenberg et al., 2002 , oDubey, Graham et al., 2002 Lehmann et al., 2004) . In the present study, all 5 Type III isolates from the birds and 2 of 3 isolates from skunk were virulent for mice. Although there is serological evidence of N. caninum infection in the white-tailed deer (Odocoileus virginianus), the parasite has not been yet isolated from the tissues of this host. In an attempt to isolate N. caninum from deer, hearts from 4 deer with antibodies to N. caninum were fed to 2 dogs. One of these dogs shed unsporulated oocysts 12-14 m in diameter. Sporulated oocysts were not infective to Mongolian gerbils (Meriones ungulatus), and DNA isolated from these oocysts was not amplified using N. caninum-specific primers. However, positive amplification with the H. heydorni-specific first internal transcribed spacer (ITS-1) primers and common toxoplasmatiid ITS-1 primers confirmed the presence of H. heydorni DNA in the samples. The oocysts were considered to be H. heydorni on the basis of their morphology, biology, and molecular characteristics. This is the first record of a H. heydornilike parasite in the white-tailed deer.
LITERATURE CITED
Neospora caninum is a parasite of livestock and companion animals and is an important cause of bovine abortion in dairy cattle worldwide (Dubey, 2003) . It is transmitted transplacentally, by the ingestion of infected tissues and by the ingestion of food and water contaminated with oocysts excreted in the feces of dogs. The domestic dog is the only known definitive host for N. caninum (McAllister et al., 1998) . The role of the dog in the epidemiology of N. caninum is currently unclear because experimentally infected dogs usually excrete only a few oocysts, and the parasite has been isolated only a few times from naturally infected dogs (Basso et al., 2001; Gondim et al., 2002; Šlapeta, Modry et al., 2002; McGarry et al., 2003) . Furthermore, N. caninum oocysts morphologically resemble the oocysts of a related coccidian, Hammondia heydorni, and there is no simple method to distinguish them.
Little is known about the life cycle of H. heydorni or whether additional Hammondia species that use dogs as their definitive host occur (Dubey et al., 2002; Schares et al., 2002; Š lapeta, Modry et al., 2002) . Hammondia heydorni-like oocysts were found in the feces of dogs that were fed naturally infected tissues from cattle (Bos taurus), water buffalo (Bubalus bubalis), sheep (Ovis aries), goats (Capra hircus), moose (Alces alces), and camels (Camelus dromedarius) (reviewed in Dubey et al., 2002) . In addition, red foxes (Vulpes vulpes) fed tissues from sheep, cattle, roe deer (Capreolus capreolus), mountain gazelle (Gazella gazella), and reindeer (Rangifer tarandus) shed H. heydorni-like oocysts in their feces (Dubey et al., 2002) . Until recently, all these oocysts excreted in feces of dogs and foxes were considered 1 species. However, studies of Schares et al. (2002 Schares et al. ( , 2003 indicated the parasite in foxes is different morphologically and biologically from the parasite in dog feces. Furthermore, molecular studies indicate that there are more than 1 genetic variant at present designated as H. heydorni (Sreekumar et al., 2003) . We report isolation of another H. heydorni-like parasite from the white-tailed deer (Odocoileus virginianus) for the first time from this host.
During studies on the genetic characterization of Toxoplasma gondii isolates from wildlife (Dubey et al., 2004) in March 2003, tissues from 4 white-tailed deer from Mississippi were also examined for antibodies to N. caninum using the N. caninum-agglutination test (NAT; Romand et al., 1998) . The NAT titers were 1:25 in 2 and 1:50 in 2 deer. Heart tissue from these 4 deer were pooled and fed to 2 laboratory-raised dogs. The dogs had not ingested uncooked meat products before feeding on deer tissues. Feces of these dogs were examined daily for 3 wk for coccidian oocysts by floatation in sugar solution. Oocysts were collected from feces, sporulated in 2.5% potassium dichromate aqueous solution at room temperature for 7 days, and then stored at 4 C until used. Sporulated oocysts were washed with water to remove potassium dichromate by centrifugation, treated with 5.25% sodium hypochlorite solution (Clorox), washed, and divided into aliquots for bioassay, in vitro cultivation, and polymerase chain reaction (PCR) studies. Aliquots were fed to 2 gerbils (Meriones ungulatus) and to 5 interferon gamma gene knockout (KO) mice . For in vitro cultivation, 1 aliquot was vortexed for 5 min with 500-m glass beads (Microbeads, Ferro Corporation, Cleveland, Ohio) and subsequent incubation in an excystation medium (sodium taurocholate 250 mg, sodium deoxycholic acid 400 mg, trypsin [1:250] 25 mg in 100 ml saline, pH 7.5) at 37 C. After excystation, the suspension was washed with growth medium and layered over each of the 2 CV1 (African Green monkey [Cercopithecus aethiops] kidney cells) and equine dermal cell monolayers grown over coverslips in multiwell plates. The coverslips were removed at intervals, fixed with Bouin fixative and stained with Giemsa.
For obtaining DNA, the oocyst suspension was ruptured by 2-3 freeze-thaw cycles, followed by grinding of the pellet in small volumes (about 30 l) in a 0.2-ml microtissue grinder (Wheaton, Fischer Scientific, Pittsburgh, Pennsylvania). The DNA was extracted from the homogenized suspensions using DNAzol (MRC, Cincinnati, Ohio) according to the manufacturer's instructions. Five sets of primers, Neospora-specific NP6/NP21 (Yamage et al., 1996) , H. heydorni-specific first internal transcribed spacer (ITS-1) RAPD primers JS4/JS5 (Š lapeta, Koudela et al., 2002) , H. heydorni-specific HhAP7 and HhAP10 primers, and common toxoplasmatiid ITS-1 primers CT1/CT2 (Sreekumar et al., 2003) , were used for PCR amplification of the DNA, according to previously described protocols. The PCR products were electrophoresed in a 2% agarose gel, and the gel-cleaned PCR products were directly sequenced in both directions using the Big Dye terminator system, version 3.1 (Applied Biosystems, Foster City, California) using an ABI 377 sequencer. The sequence chromatograms were edited using Sequencher 4.1 software (Genecodes Corp., Ann Arbor, Michigan). 
† Alignment gaps are indicated by dashes. ‡ Sequences identical to the deer isolate are indicated with a period.
Searches were performed using BLAST (http://www.ncbi.nlm.nih.gov/ BLAST/) to determine whether the sequences were similar to any of the previously published sequences.
One dog shed unsporulated oocysts in feces 10-12 days after ingesting deer tissue. Unsporulated oocysts were 12-14 ϫ 10-12 m (n ϭ 100) in size, and sporulated oocysts contained 2 sporocysts, 6-8 ϫ 4-6 m in size (Fig. 1A, B ). There were 4 sporozoites in each sporocyst. The gerbils and KO mice fed sporocysts remained asymptomatic, and antibodies to N. caninum were not found in 1:25 dilution of their serum tested 30 days after inoculation. Protozoans were not found in histological sections of rodents fed oocysts.
Sporozoites were found to excyst within 20 min of incubation of cleaned oocysts in the excystation media. The sporozoites did not infect the equine dermal cell monolayer. Dividing forms could be seen in the CV1 cells stained on day 14 after inoculation. However, no additional growth was seen, and the parasites gradually disappeared from the monolayers after 4 wk. A H. heydomi-like parasite from the feces of a dog was grown in vitro by Speer et al. (1988) , but they were unable to infect new monolayers by passaging, and the parasite died out in culture. Schares et al. (2003) maintained a H. hedorni-like parasite from the feces of foxes in vitro and were able to demonstrate oocyst shedding in fox by feeding the infected culture. However, the parasite that Schares et al. (2003) studied was different from the parasite from dogs; its oocysts were larger and it was not transmissible to dogs through tissues of an intermediate host (sheep) . In the present study, only a few oocysts were shed in dog feces, and we were unable to obtain sustainable growth in culture.
No amplification was observed with either the N. caninum-specific primers or the H. heydorni-specific RAPD-derived primers. The H. heydorni-specific ITS-1 primers resulted in the amplification of a product of the expected size (ϳ270 bp). The sequences (GenBank AY531300) were found to be identical to those of H. heydorni isolates from dogs and fox. The common toxoplasmatiid ITS-1 primers resulted in the amplification of a product in the size range of 399 bp (GenBank AY530018). The results of the BLAST search of this fragment with the public database are shown in Table I . Polymorphism was noticed at 8 locations. The sequences of the deer isolate were identical to that of a H. heydorni isolate of dog from the United States. However, the sequences also had greater similarity to an isolate from fox than other canine isolates from Germany, Czech Republic, and Australia. Recent evidence has pointed to the presence of molecular differences among H. heydorni isolates from dogs and foxes. Mohammed et al. (2003) concluded that the isolates of H. heydorni from foxes and dogs constitute genetically different populations on the basis of the ribosomal DNA sequences. The deer isolate, which was excreted by a dog, was found to be closer to the fox isolate than the dog isolates from Germany, Czech Republic, and Australia.
The results of the present study indicate that dogs can excrete H. heydorni-like oocysts in their feces, and these must be distinguished from N. caninum oocysts. The results also point to a greater genetic diversity among the H. heydorni isolates irrespective of their host. 

Ingestion of Cryptosporidium Oocysts by Caenorhabditis elegans
Obed Huamanchay, Linda Genzlinger, Miguel Iglesias, and Ynes R. Ortega*, Center for Food Safety and Department of Food Science and Technology, University of Georgia, 1109 Experiment Street, Griffin, Georgia 30223; *To whom correspondence should be addressed. e-mail: ortega@griffin.uga.edu ABSTRACT: Cryptosporidium parvum has been associated with outbreaks of human illness by consumption of contaminated water, fresh fruits, and vegetables. Free-living nematodes may play a role in pathogen transmission in the environment. Caenorhabditis elegans is a freeliving soil nematode that has been extensively studied and serves as a good model to study possible transmission of C. parvum oocysts that may come into contact with produce before harvest. The objective of this study was to determine whether C. elegans could serve as a potential mechanical vector for transport of infectious C. parvum and Cyclospora cayetanensis in agricultural settings and whether C. elegans could ingest, excrete, and protect oocysts from desiccation. Seventy to 85% of worms ingested between 0 and 500 oocysts after 1 and 2 hr incubation with oocysts. Most of the nematodes ingested between 101 and 200 oocysts after 2 hr. Intact oocysts and empty shells were excreted by nematodes. Infectivity was determined by the neonatal assay with different treatments of worms (intact or homogenized) or oocysts or both. Adult C. elegans containing C. parvum kept in water were infective for mice. In conclusion, C. elegans adults can ingest and excrete C. parvum oocysts. Caenorhabditis elegans containing C. parvum oocysts can infect mice but does not seem to protect oocysts from extreme desiccation at 23 C incubation of a day or longer. Cyclospora oocysts were not ingested by C. elegans. The role of free-living nematodes in produce contamination needs to be further examined.
Parasites, such as Cryptosporidium parvum, Cyclospora cayetanensis, and Giardia lamblia have been causative agents in outbreaks of human illness associated with consumption of contaminated water, fresh fruits, and vegetables (Orlandi et al., 2002) .
The dissemination of pathogenic parasites onto raw produce has not been thoroughly studied (Wasilewska and Webster, 1975) but may be introduced during pre-and postharvest practices. Potential agricultural sources of produce contamination include farm workers, animals, irrigation water, soil, and insects. Flies have been shown to transport infectious C. parvum oocysts (Graczyk et al., 1999) . If produce comes into contact with manure, then free-living soil nematode contamination could occur. Irrigation water can also be contaminated with feces of humans and wild animals, introducing large numbers of parasites into the environment, particularly in rivers and lakes. Rotifers can ingest C. parvum oocysts and G. lamblia cysts. The fate of the parasites once ingested by rotifers needs to be studied further (Fayer et al., 2000; Trout et al., 2002) .
A well-studied and harmless free-living nematode, Caenorhabditis elegans, may serve as a model to study nematodes acting as carriers or transport hosts by ingesting harmful bacteria and then protecting such organisms from environmental conditions while in the gut (Chang et al., 1960) . Salmonella enterica serotype Poona and S. typhimurium can be ingested by C. elegans, providing protection against inactivation by produce sanitizers (Labrousse et al., 2000; Caldwell et al., 2003) . The objective of the present study was to determine whether C. elegans could serve as a potential mechanical vector for transport of infectious Cryptosporidium in agricultural settings and if the nematode could ingest, excrete, and protect oocysts from desiccation. Caenorhabditis elegans (N2, wild-type strain) was used in all experiments. The worms were grown on K-agar plates (pH 6.5) (2.36 g potassium chloride, 3 g sodium chloride, 2.5 g Bacto Peptone, and 17 g/L agar in deionized water). The agar was autoclaved, cooled, and supplemented with 1 g cholesterol (95%), 11.1 g calcium chloride, and 24.7 g magnesium sulfate. Medium was distributed in plastic petri plates. Escherichia coli was cultured in OP50 broth (5 g sodium chloride and 10 g Bacto Peptone) for 24 hr, plated in K agar, and incubated at 37 C for 24 hr until confluent growth was established. Nematode cultures were fed with confluent cultures of E. coli OP50.
Cryptosporidium parvum oocysts (Iowa isolate, bovine genotype) were obtained from the Parasitology Laboratory, University of Arizona. Oocysts were labeled with Merifluor Cryptosporidium/Giardia Direct Immunofluorescent Detection Reagent (Meridian Bioscience Inc., Cincinnati, Ohio). The oocysts (approximately 3 ϫ 10 7 ) were resuspended in 100 l K-medium and 40 l of the Detection Reagent was added. Incubation was at room temperature for 60 min, with mixing every 15 min. Detection Reagent was removed by microcentrifugation (8,000 rpm for 4 min) and oocysts were washed with fresh K-medium.
Unsporulated C. cayetanensis oocysts were obtained from naturally infected individuals with cyclosporiasis. Fecal samples containing oocysts were concentrated using the modified ethyl acetate method followed by a discontinuous sucrose gradient (Ortega et al., 1998) .
Between 100 and 200 adult nematodes were placed on K-agar plates FIGURE 1. Cryptosporidium oocysts as they get ingested by Caenorhabditis elegans. After 1 hr incubation (A). After 2 hr incubation the anterior portion of the gastrointestinal system of an adult worm is full of oocysts as observed by ϫ10 magnification (B) and ϫ40 magnification (C). Posterior portion of C. elegans contains oocysts (that were IFA negative) inside the gut. The preparation was incubated with the detection reagent specific for Cryptosporidium oocysts and then observed by DIC microscopy (D) and fluorescence microscopy (E). Bar ϭ 40 m. with 2 ϫ 10 6 fluorescein isothiocyanate-tagged C. parvum oocysts. After specific incubation times, worms were transferred into tubes, washed with phosphate-buffered saline, and observed by UV and differential interference contrast (DIC) microscopy.
About 75-85% of the worms ingested C. parvum oocysts after 1-2 hr incubation (Fig. 1) . Most of the oocysts were distributed in the anterior end of the worm after 1 hr incubation (Fig. 1A) , and after 2 hr, the oocysts were found throughout the worm (Fig. 1B, C) . The number of oocysts observed per worm was between 1 and 500. Most of the nematodes contained 1-200 oocysts after 1 hr ingestion, increasing to 101-200 oocysts after 2 hr of incubation (Fig. 2) .
After 12 hr, the oocysts present inside the nematodes did not show fluorescence. By Nomarski (DIC) microscopy, oocysts were observed both inside and outside the worm (Fig. 1D ). Nematodes were washed by centrifugation with K-medium to remove oocysts that could attach to the nematode cuticle. When nematodes were mechanically lysed, the oocysts that were in the gastrointestinal tract (not fluorescent) were released. The oocysts fluoresced when the Detection Reagent was added (Merifluor C. parvum Immunofluorescent Assay) (Fig. 1E) . Oocyst shells and intact oocysts were observed.
Adult worms containing C. parvum oocysts in their gastrointestinal tract, oocysts alone, and worms alone were incubated in water or dried and kept at 23 C for 12 and 24 hr, and 2-, 3-, 4-, 5-, 6-, and 7-day intervals. Worms were broken open by grinding with a pestle in homogenization tubes. The numbers of oocysts per worm were determined by UV microscopy (excitation wavelength 490-500, barrier filter 510-530). Nematodes and oocysts alone were used as controls.
Five-day-old neonatal CD-1 mice were fed orally with preparations of 100 worms containing oocysts (that were broken open by grinding with pestle in homogenization tubes), 1.5 ϫ 10 5 oocysts alone, or worms alone. Each variable was tested in 9 or 10 neonate mice. Five days after inoculation, mice were killed and 1-cm sections of the ileum were collected and mouse feces collected for further examination by acid-fast staining. Tissues were formalin fixed, paraffin embedded, sectioned and stained with hematoxylin-eosin, and examined for the presence of C. parvum parasites.
Infections were observed in mice fed with dried preparations of C. elegans containing C. parvum oocysts for up to 1 day. Dried C. parvum oocysts or dried worms alone did not infect mice. Infection was also observed in mice if oocysts or nematodes containing oocysts were kept in water for as long as 7 days. Nematodes alone did not infect mice.
In the present study, we demonstrated that C. elegans can ingest and excrete C. parvum oocysts. The antibodies tagging the oocyst cell wall were no longer present on the oocyst surface after incubation for 12 hr. Enzymatic activity or other conditions in the nematode's gut (such as pH or ionic strength) may have affected the stability of the antibodies tagging the oocysts. This needs to be studied further. The presence of some shells in the nematode's gut suggested oocyst excystation and the liberation of the sporozoites into the nematode gastrointestinal system. Oocysts that were not affected by this process were still viable and infectious to mice. Oocysts were dependent on the presence of water. This study demonstrated that C. elegans can harbor C. parvum oocysts and transport the oocyst to discrete distances. Caenorhabditis elegans can move for distances up to several millimeters in 9-12 min (data not shown). The number of oocysts per worm (approx. 150) is on average sufficient to contaminate produce and infect susceptible hosts because the ID 50 of C. parvum in humans varies from 9 to 100 oocysts depending on the isolate (Okhuysen et al., 1999) .
Cyclospora cayetanensis oocysts were also fed to C. elegans; however, the nematode did not ingest them (data not shown). This may be because of the larger size of the oocysts (8-10 m) compared with Cryptosporidium (4-6 m). This does not exclude the possibility that other types of free-living nematodes may ingest C. cayetanensis oocysts. The role of nematodes in the transport and distribution of oocysts from C. parvum, C. cayetanensis, and other food-borne protozoans from soil onto fresh produce needs to be further investigated.
The nematode strain used in this study was provided by the Caenorhabditis Genetics Center, which is funded by the National Institutes of Health National Center for Research resources. Funding for this project was provided by the USDA Alliance Special Grant 2001-03142. The purpose of this study was to determine whether gamma-irradiated Cryptosporidium parvum oocysts could elicit protective immunity against cryptosporidiosis in dairy calves. Cryptosporidium parvum Iowa strain oocysts (1 ϫ 10 6 per inoculation) were exposed to various levels of gamma irradiation (350-500 Gy) and inoculated into 1-day-old dairy calves. The calves were examined daily for clinical signs of cryptosporidiosis, and fecal samples were processed for the presence of C. parvum oocysts. At 21 days of age, the calves were challenged by oral inoculation with 1 ϫ 10 5 C. parvum oocysts and examined daily for oocyst shedding and clinical cryptosporidiosis. Calves that were inoculated with C. parvum oocysts exposed to 350-375 Gy shed C. parvum oocysts in feces. Higher irradiation doses (450 or 500 Gy) prevented oocyst development, but the calves remained susceptible to C. parvum challenge infection. Cryptosporidium parvum oocysts exposed to 400 Gy were incapable of any measurable development but retained the capacity to elicit a protective response against C. parvum challenge. These findings indicate that it may be possible to protect calves against cryptosporidiosis by inoculation with C. parvum oocysts exposed to 400-Gy gamma irradiation.
LITERATURE CITED
Cryptosporidiosis remains a significant health threat to humans and animals because of the resiliency of the oocyst stage and the lack of approved drugs to prevent or treat infection. It is highly prevalent in preweaned cattle, constituting a health threat for these young animals and a significant source of environmental contamination. Although passive immunotherapy with monoclonal antibodies, immune serum, or hyperimmune colostrum specific for Cryptosporidium parvum antigens has shown some efficacy against cryptosporidiosis, most of these studies have been conducted in rodent models (for review, see Riggs, 1997 Riggs, , 2002 Crabb, 1998) . Passive immunotherapy with hyperimmune bovine colostrum has reduced clinical signs in humans or dairy calves, but C. parvum oocysts continue to be shed in high numbers (Fayer et al., 1989; Ungar et al., 1990; Okhuysen et al., 1998; Perryman et al., 1999) . Preliminary research has shown that individuals experiencing a patent C. parvum infection, i.e., diarrhea, oocyst shedding, are more resistant to oocyst challenge (Chappel et al., 1999 ). An ideal vaccine against cryptosporidiosis would protect susceptible individuals against C. parvum infection without causing clinical symptoms during the primary ''immunization.'' Exposing C. parvum oocysts to gamma irradiation may prevent schizont development and thus overt cryptosporidiosis. Gamma irradiation of various protozoa has been used to prevent associated diseases such as malaria (Clyde et al., 1975; Scheller and Azad, 1995; Chatterjee et al., 1999) , avian coccidiosis (Jenkins, Augustine et al., 1991; Jenkins, Danforth et al., 1991; Jenkins et al., 1993) , babesiosis (Phillips, 1971; Purnell et al., 1979) , and toxoplasmosis (Dubey et al., 1996) . The present study was designed to identify a dose of gamma irradiation that inhibits oocyst development and determine whether gamma-irradiated C. parvum oocysts could be used to vaccinate calves against cryptosporidiosis.
Cryptosporidium parvum Iowa strain oocysts were propagated by infecting a 1-day-old calf with 1 ϫ 10 6 oocysts as described (Jenkins et al., 1999) . The oocysts were purified by continuous flow centrifugation (Vetterling, 1969) , followed by CsCl gradient centrifugation (Kilani and Sekla, 1987) , suspended in distilled H 2 O, stored at 4 C before inoculation. Cryptosporidium parvum oocysts used in primary inoculation were 2.1 Ϯ 0.9 mo old (range 0.9-3.6 mo). Oocysts used in challenge studies were 3.1 Ϯ 0.9 mo old (range 1.6-4.3 mo).
The C. parvum oocysts were suspended at a concentration of 1 ϫ 10 6 oocysts/ml and exposed to various doses of gamma irradiation using a 137 Cs Gammator M radiation source at 10 Gy/min. The excystation rate of both nonirradiated and irradiated oocysts was determined using a standard in vitro protocol (Gut and Nelson, 1999 ) and subjected to 1-way analysis of variance using a Tukey-Kramer multiple comparisons test (GraphPad InStat Version 4.1, GraphPad Software, San Diego, California). Within 1 hr after irradiation, the oocysts were inoculated per os into newborn (1-to 2-day-old) male Holstein calves obtained from the Beltsville Agricultural Research Center Dairy Unit. Calves were examined daily for clinical signs of cryptosporidiosis; fecal samples (ϳ40 g) were collected daily from days 1-21 and processed for detecting C. parvum oocysts as described (Fayer et al., 2000) . In brief, fecal samples were homogenized by vortexing, a 10-g subsample was mixed with water and sieved, centrifuged, and the pellet was suspended in 1.4 g/ml aqueous cesium chloride, followed by centrifugation at 16,000 g. After centrifugation, the supernatant was aspirated, and the pellet was washed with deionized water, stained with Merifluor reagent (Meridian Diagnostics, Cincinnati, Ohio), and examined by fluorescence microscopy for the presence of oocysts. For RNA extraction, purified oocysts were subjected to 3 freeze-thaw cycles of Ϫ80 and 55 C, after which the oocyst lysate was processed using the Qiagen Viral RNA kit (Valencia, California). Purified RNA (10 l) was used as template for reverse transcriptase-polymerase chain reaction (RT-PCR) using the CPOP716F/CPOP992R primer pair, which amplifies a 315-bp fragment of the gene coding for an uncharacterized protein of the C. parvum double-stranded RNA viral symbiont (''KSU-1'' strain, GenBank Khramtsov et al., 1997; Kozwich et al., 2000) . RT-PCR was carried out using the Superscript 1-step reagent (Invitrogen, Carlsbad, California), with the reverse transcription performed at 55 C for 30 min, followed by 4 min at 95 C, and 40 cycles of 15 sec at 95 C, 45 sec at 55 C, and 1 min at 72 C. The sequence of the forward primer is 5Ј-CCGGAAGCAGTGCAATCTGTTAGTCTCACCTTCT-ACTCAT-3Ј, and the sequence of the reverse primer is 5Ј-GA-CCTAATCTCATTGTATATCGCGCGCACGTATATCGGTA-3Ј. RT-PCR products were cycle-sequenced using the Big Dye 3.1 reagent (Applied Biosystems, Foster City, California) and an ABI Model 3100 automated fluorescence sequencing instrument (Applied Biosystems). Sequence data were analyzed using MacVector 6.5 software (Oxford Molecular, Madison, Wisconsin). The purpose of this assay was to ensure that oocysts shed by calves had originated from the C. parvum Iowa strain oocysts used in the inoculation rather than from contamination with local C. parvum strains, e.g., Beltsville-1. For purposes of testing vaccine efficacy of irradiated oocysts, the calves were then challenged at 21 days of age by oral inoculation with 1 ϫ 10 5 C. parvum Iowa strain oocysts. This challenge dose was based on preliminary studies wherein reproducible clinical signs and shedding of high numbers of C. parvum oocysts were achieved. Calves were challenged at 3 wk of age to allow sufficient time for development of immunity. Inoculation of naive 21-day-old calves with 1 ϫ 10 5 C. parvum Iowa strain oocysts produced an average of 1.9 ϫ 10 4 Ϯ 0.6 ϫ 10 4 oocysts/g of feces (M. Jenkins, unpubl. obs.) . Fecal samples were collected twice daily for 3-4 wk after challenge, and fecal smears were examined by immunofluorescence staining for the presence of C. parvum oocysts following the manufacturer's instructions (Meridian Diagnostics). All oocyst-positive fecal samples were pooled, weighed, and processed for total oocyst counts by sieving, sucrose flotation, and CsCl gradient centrifugation. Similar to primary infection, the calves challenged at 21 days of age were examined daily for clinical signs, and samples of feces were collected for oocyst enumeration. Calves that shed oocysts after a primary infection with nonirradiated or irradiated C. parvum Iowa strain oocysts were not challenged at 21 days of age because the goal of this study was to develop an immunization regimen that did not entail clinical signs or oocyst shedding.
Although calves that were infected at 1-2 days of age with 350-or 375-Gy-irradiated C. parvum oocysts exhibited reduced clinical signs, high numbers of oocysts were found in feces from these calves (Table  I) . Increasing the irradiation dose to 400 Gy eliminated detectable oocyst shedding as well as clinical cryptosporidiosis as did higher doses (450 or 500 Gy) ( Table I ). Although the prepatent period for 350-or 375-Gy-exposed C. parvum oocysts was similar to that of nonirradiated oocysts, the duration of oocyst shedding arising from irradiated oocysts was shorter (M. Jenkins unpubl. obs.). Also, calves inoculated with 450-or 500-Gy-treated C. parvum oocysts showed prepatency and patency periods after challenge infection similar to those of naive animals (M. Jenkins unpubl. obs.).
Irradiation appeared to have an effect on oocyst excystation. A significant decrease (P Ͻ 0.01) in excystation rate was observed between nonirradiated oocysts and oocysts that were exposed to greater than 350-Gy gamma irradiation. For instance, in C. parvum oocysts exposed to 400-Gy irradiation, excystation was 20% less than in nonirradiated control oocysts (Table II) . However, the absence of oocyst shedding in calves infected with C. parvum oocysts irradiated at Ն400 Gy would not be solely the result of the decrease in excystation because calves infected with 1 ϫ 10 6 nonirradiated oocysts produce greater than 3 ϫ 10 9 oocysts (M. Jenkins, unpubl. obs.) . Even if 50% of the oocysts were destroyed by irradiation, the number of oocysts arising from the remainder would easily be detectable in feces.
In a subsequent challenge, calves that received a primary inoculation of C. parvum oocysts irradiated at 400 Gy were resistant to oocyst challenge infection at 21 days of age. Clinical symptoms were absent after challenge in all 3 calves (calves 4-6) that had been inoculated at 1-2 days of age with 400-Gy-irradiated oocysts, and only calf 6 shed oocysts after challenge (Table I) . Oocyst production (5 ϫ 10 2 oocysts/ g) in this calf was 2.5% of that observed (ϳ2 ϫ 10 4 oocysts/g) in naive control calves that had been challenged at 3 wk of age with C. parvum Iowa oocysts. Although it is possible that oocysts may have been shed by calves 4 and 5 in this group, the number of oocysts would have been extremely low based on the sensitivity of this assay (Fayer et al., 2000) . Higher irradiation doses (450 and 500 Gy) not only inhibited parasite development in the primary ''infection'' but also ablated any protective effects. These results indicate that there is a narrow range of optimum irradiation dose that can inhibit parasite development but still maintain the capacity of the radiation-attenuated parasites to elicit a protective immune response.
These findings also indicate that exposure of C. parvum oocysts to 400-Gy gamma irradiation does not affect the capacity of oocysts to induce a protective response in calves but does prevent the parasite from developing to the oocyst stage. Determining at what point development is blocked in the C. parvum life cycle would be difficult in calves and probably not relevant to test in mice. Studies in related protozoans indicate that development is blocked after sporozoite penetration of host cells (Jenkins, Augustine et al., 1991; Jenkins, Danforth et al., 1991; Silvie et al., 2002) . Presumably, irradiation doses above the optimum level prevent sporozoite invasion or intracellular metabolism (or both), which are necessary for expression of parasite antigens on host cells and the induction of immunity.
Comparing the present study with findings in mouse models of cryptosporidiosis indicates that results in mice may not be predictive of findings in calves Yu and Park, 2003) . In neonatal BALB/C mice, C. parvum development was blocked by exposure of oocysts to 250-Gy irradiation . Preliminary dose titration studies revealed no apparent diminution in oocyst production in calves inoculated with C. parvum oocysts exposed to less than 300-Gy irradiation (M. Jenkins, unpubl. obs.). Somewhat conflicting with the current study in calves and our previous studies in mice is a recent report that 25,000 Gy was necessary to prevent C. parvum oocyst shedding in weaned C57/Bl6 mice (Yu and Park, 2003) . The observed discrepancy may be due to differences in age and strain of mice used. These authors also found that oocysts were shed for an extended period of time, and that peak oocyst shedding was delayed in mice receiving irradiated oocysts. In the present study, calves were examined for at least 3 wk after the primary and challenge infections to ensure that absence of oocyst secretion was due to the effect of gamma irradiation or immunity rather than delayed development. This precaution was taken because C. parvum is unique among protozoans in that an autoinfective oocyst stage is produced during the life cycle, and thus small numbers of viable oocysts may eventually lead to excretion of high numbers of oocysts, albeit with some time delay.
The present study suggests that irradiated C. parvum oocysts can be used to prevent clinical signs and oocyst shedding in dairy calves. Also, irradiation doses greater than 450 Gy inhibit C. parvum from producing patent infection, which is considerably less than the irradiation level required to destroy bacteria on the surface of foods. The stability of 400-Gy-irradiated C. parvum oocysts is unknown and will require additional studies before this approach is considered useful in preventing cryptosporidiosis in dairy calves.
The authors acknowledge the excellent technical assistance of Christina Hohn, Kristi Ludwig, Robert Palmer, and Marisol Ponte. The authors thank James Harp for providing the original C. parvum Iowa strain oocysts used in this study. ABSTRACT: Ca 2ϩ plays an important role in the regulation of several important activities in different trypanosomatids. These parasites possess a Ca 2ϩ transport system in the endoplasmic reticulum (ER) involved in Ca 2ϩ homeostasis, which has been reported to be insensitive to thapsigargin, a classical inhibitor of the sarcoplasmic-ER Ca 2ϩ adenosine triphosphatase (ATPase) (SERCA) in most eukaryotic cells. However, currently there is a controversy regarding the existence of a thapsigargin-sensitive ER Ca 2ϩ store in these parasites. Therefore, we decided to explore the effect of this inhibitor using different methodological approaches. First, we selected Trypanosoma evansi as a parasite model to warrant the homogeneity of the population because this parasite has only a single life cycle, i.e., bloodstream-form trypomastigotes. Second, we compared the thapsigargin effect on Ca 2ϩ homeostasis by spectrophotometrical Ca 2ϩ measurements using 3 different approaches: wholecell populations, cells that have been permeabilized by treatment with digitonin, and intact single cells. Our results demonstrate that a low concentration of thapsigargin induces Ca 2ϩ release from intracellular Ca 2ϩ stores in this parasite, which can be observed independently of the method used. Furthermore, the addition of thapsigargin before or after nigericin did not abolish its effect, showing that thapsigargin acts specifically on the ER. In conclusion, our results indicate the presence of a nonmitochondrial thapsigargin-sensitive Ca 2ϩ store in T. evansi.
Calcium plays an important role in the regulation of multiple cellular activities in different trypanosomatids (Docampo and Moreno, 1996; Stodjl and Clarke, 1996; Ruiz et al., 1998) . The presence of different Ca 2ϩ transport systems in these parasites warrants an efficient regulation of the intracellular calcium concentration ([Ca 2ϩ ] i ), which can reach approximately 4 orders of magnitude with respect to the extracellular milieu (Benaim, 1996) . These mechanisms are associated with intracellular specialized organelles, as well as in the plasma membrane (Ruben and Hutchinson, 1991; Docampo, 1993; Benaim, 1996; Docampo and Moreno, 2001) . As in other eukaryotic cells, a Ca 2ϩ transport system has been localized at the endoplasmic reticulum (ER), which is involved in the intracellular Ca 2ϩ homeostasis. This system is characterized by adenosine triphosphate (ATP) stimulation and sodium orthovanadate inhibition (Vercesi et al., 1991; Moreno, Docampo et al., 1992) . Thapsigargin is a potent and classical inhibitor of the sarcoplasmic-ER Ca 2ϩ adenosine triphosphatase (ATPase) (SERCA) (Thastrup et al., 1990) , causing the release of Ca 2ϩ from the inositol-1,4,5-trisphosphate-sensitive store in different cells. However, there is a controversy regarding the effect of thapsigargin on the ER Ca 2ϩ store in trypanosomatids. Thus, although some groups have detected the presence of a nonmitochondrial Ca 2ϩ store sensitive to thapsigargin in Trypanosoma brucei at low concentration (1 M) (Ruben and Akins, 1992) , other groups failed to detect any effect of thapsigargin, even at higher concentration (8 M), in both T. brucei (Vercesi et al., 1993) and Trypanosoma cruzi (Moreno, Vercesi et al., 1992) , using whole cells or cells that have been exposed to treatment with digitonin. In contrast, other studies in trypanosomatids aimed at correlating diverse cellular events with [Ca 2ϩ ] i such as cell cycle control or invasion of mammalian cells and have shown that these processes are sensitive to low concentration of thapsigargin (1 M) (Stojdl and Clarke, 1996; Yoshida et al., 2000; Neira et al., 2002) .
Although species or cellular stage differences may account for this discrepancy, another plausible explanation might be related to the different methodological approaches used in these studies. Therefore, we decided to explore the effect of thapsigargin on the Ca 2ϩ homeostasis in Trypanosoma evansi by comparing spectrophotometric Ca 2ϩ measurements in cell populations (whole or digitonin-treated cells) and intact single parasites. The latter approach, recently reported by our group, allows for the measurement of free cytosolic calcium concentration with higher time resolution (Mendoza et al., 2001 (Mendoza et al., , 2002 . Furthermore, the use of T. evansi as a model is advantageous because it is a parasite in which the only cellular stage is the bloodstream form (trypomastigote), thus avoiding the possible problems related to heterogeneity of the populations used for studies of Ca 2ϩ homeostasis in other trypanosomatids. Finally, there are only few reports with respect to the way in which T. evansi regulates its intracellular calcium concentration (Mendoza et al., 2001 (Mendoza et al., , 2002 and there is no report on the effect of thapsigargin in this parasite.
In this study, first we measured Ca 2ϩ transport by intracellular organelles in situ, using arsenazo III in digitonin-treated cells of T. evansi as described previously (Benaim et al., 1990) . Figure 1 shows the effect of a low concentration of thapsigargin (1 M) on Ca 2ϩ transport in a permeabilized cell of T. evansi cells in the presence of oligomycin (a F 1 -F 0 mitochondrial ATPase inhibitor) and antimycin A (a respiratory chain inhibitor). As observed (Fig. 1) , thapsigargin produced a Ca 2ϩ release under this condition. We included antimycin A in the assay because little is known about mitochondrial function and the possible effect of this drug in T. evansi mitochondrion. In addition, this drug has been used by other authors in the experiments used to evaluate the thapsigargin effect in T. brucei procyclic trypomastigotes (Vercesi et al., 1993) and in T. cruzi (Docampo et al., 1993) . However, identical results were obtained when antimycin A was omitted from the medium (results not shown). These results are in agreement with the fact that T. evansi belongs to T. brucei clade trypanosome (Stevens and Gibson, 1999) and only has bloodstream forms that possessed an undeveloped mitochondrion depending only on glycolysis to generate ATP. In these trypanosomes, Ca 2ϩ uptake by mitochondria depends on the electrochemical proton gradient membrane generated by an oligomycyn-sensitive ATPase. Therefore, the addition of oligomycin prevents Ca 2ϩ uptake by the mitochondria in these assays. Indeed, we have previously shown that oligomicin produced a release of Ca 2ϩ from the mitochondrial pool in T. evansi (Mendoza et al., 2002) . It can be seen that in the absence of ATP, Ca 2ϩ uptake is low (Fig. 1Aa , Ba) and thapsigargin induces a low Ca 2ϩ release (Fig. 1Aa) when compared with the effect produced in the presence of ATP (Fig. 1Ab) . Basically, most of the Ca 2ϩ uptake is due to an ATP-dependent Ca 2ϩ sequestration. These results suggest the presence of a nonmitochondrial Ca 2ϩ store that depends on a thapsigargin-sensitive Ca 2ϩ ATPase. These results contrast with those reported in other trypanosomatids, where thapsigargin (1-8 M) did not have any effect on intracellular Ca 2ϩ release in digitonin-treated cells of T. cruzi, T. brucei (Moreno, Vercesi et al., 1992; Vercesi et al., 1993) , or Herpetomonas sp. (Sodré et al., 2000) . Figure 1Ab shows that the addition of the Ca 2ϩ ionophore A23187 produces a large Ca 2ϩ release, probably from other compartments, such as acidocalcisomes, in which Ca 2ϩ uptake is also an ATP-dependent process (Docampo and Moreno, 2001 ). In addition, as seen in Figure 1Ac , when digitonized cells were pretreated with vanadate, a significant decrease in thapsigargin-induced Ca 2ϩ release is observed, in comparison with the effect of thapsigargin alone (Fig. 1Ab) . This inhibition suggests that a ''P''-type Ca 2ϩ ATPase, probably a SERCA Ca 2ϩ pump, is responsible for this effect as reported previously in other trypanosomatids (Vercesi et al., FIGURE 1. Effect of thapsigargin on Ca 2ϩ uptake by digitonin-permeabilized cells of Trypanosoma evansi. The reaction medium contains 125 mM sucrose, 65 mM KCl, 10 mM Tris-HCl, 2.5 mM KH 2 PO 4 , 1 mM MgCl 2 , pH 7.4, 40 M Arsenazo III, 30 M digitonin, 5 M CaCl 2 , 2 g/ml oligomycin, and 2 g/ml antimycin A in the presence or absence of 1 mM ATP, at a final density of 10 6 cells/ml. Calcium movements were followed by measuring the changes in the absorbance spectrum of the metallochromic indicator using an Aminco DW-2a dual wavelength (675-685 nm) spectrophotometer at 30 C. The arrows indicate the additions of thapsigargin (1 M) (Tg), calcium ionophore A23187 (10 M), sodium vanadate (400 M) (V), and nigericin (4 M) (Nig). Traces shown are representative of at least 3 independent experiments conducted on separate preparations. . The medium contains 145 mM NaCl, 4 mM KCl, 2 mM MgCl 2 , 11 mM glucose, and 10 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid-NaOH (pH 7.3). In cell populations, the experiments were carried out in a Hitachi F-2000 spectrofluorometer. In single cells, a fluorescence-imaging apparatus (Ion Optix Co., Milton, Massachusetts) was used to obtain fluorescent recordings of Fura-2-loaded parasites, and the solutions were delivered to the parasite using a DAD-12 perfusion system (Adam & List Associates, Westbury, New York). The arrows indicate the additions of thapsigargin (2 M) and nigericin (8 M) in the medium. In the dot trace thapsigargin was applied before nigericin, and in the solid trace thapsigargin was applied after nigericin in both panels (A and B). All the experiments were carried out at 30 C. Traces shown are representative of at least 3 independent experiments conducted on separate preparations. 1991; Moreno, Docampo et al., 1992) . Second, to evaluate the effect of thapsigargin on [Ca 2ϩ ] i in whole T. evansi cells loaded with Fura-2 as Ca 2ϩ indicator, we followed [Ca 2ϩ ] i in single cells or cell populations based on the methods described by Mendoza et al. (2001) and Moreno and Zhong (1996) , respectively. Our experiments were performed in ethyleneglycoltetraacetic acid-containing buffers; therefore, the increase in [Ca 2ϩ ] i reflected its release from intracellular stores. As shown in Figure 2 (single cell [A] and cell populations [B] ), addition of thapsigargin (2 M) produces a small increase in [Ca 2ϩ ] i of about 35 and 50 nM, respectively. Our results are consistent with those reported in T. brucei by Ruben and Akins (1992) , showing the existence of a thapsigargin-sensitive Ca 2ϩ pool in whole-cell populations. These authors reported that the addition of 1 M thapsigargin elevated [Ca 2ϩ ] i by approximately 50-75 nM, thus indicating that a thapsigargin-sensitive store has a low calcium capacity, which is characteristic of the ER. Our experiments ( Fig. 2A) using [Ca 2ϩ ] i measurements in single cells strongly support their conclusion. In contrast, other researchers have not detected a thapsigargin-induced Ca 2ϩ release from intracellular stores at low concentrations (1-2 M) using the whole-cell population approach either in T. brucei (Verccesi et al., 1993) or in T. cruzi (Moreno, Vercesi et al., 1992; Docampo et al., 1993) . The latter authors (Docampo et al., 1993) reported an increase in [Ca 2ϩ ] i in the absence of extracellular calcium only when they used high concentrations of thapsigargin (20 M). Our results demonstrate that independent of the different methodological approaches used, thapsigargin at low concentration produces a clear effect on Ca 2ϩ homeostasis in T. evansi.
It has been postulated that thapsigargin could have unspecific effects in trypanosomatids and other cells. Thus, thapsigargin at high concentrations (4-20 M) was able to release Ca 2ϩ from mitochondria in T. cruzi and T. brucei, probably by collapsing the mitochondrial membrane potential and not by the classical SERCA pump inhibition (Docampo et al., 1993; Vercesi et al., 1993) . Therefore, we decided to determine if the Ca 2ϩ mobilization induced by low concentrations of thapsigargin (1-2 M) was indeed from the ER or from other sources, including the mitochondria and the acidocalcisomes. For this purpose, we evaluated the effect of thapsigargin in combination with nigericin (a K ϩ -H ϩ exchanger), which is known to produce Ca 2ϩ release from intracellular stores (acidocalcisomes and mitochondria) as a consequence of the collapse of the proton gradient present in the membrane of these organelles (Ruben et al., 1991; Vercesi et al., 1993; Docampo et al., 1995; Mendoza et al., 2002) . Interestingly, Figures 1B, 2A , B (whole and digitonin-treated cells, respectively) show that thapsigargin, at low concentrations, produces Ca 2ϩ release before and after (Figs. 1Bb, Bc, 2A, B) nigericin treatment. The effects of thapsigargin and nigericin on intracellular calcium concentration and Ca 2ϩ transport were additive. Even more, regardless of the order in which the treatment was given, any of these drugs elevated [Ca 2ϩ ] i independently. These data support the notion that these drugs act on different intracellular Ca 2ϩ stores in T. evansi, i.e., one small thapsigargin-sensitive store that resides within the ER and another larger nigericin-sensitive store that resides in organelles whose calcium accumulation is dependent on the proton gradient present in their membrane. These results, together with those described above, where thapsigargin produces a Ca 2ϩ release even in the presence of oligomycin, rule out the participation of a nonmitocondrial component in the effect of thapsigargin at low concentrations in T. evansi (Fig. 1) . These results are in agreement with those reported for T. brucei, where a thapsigargin-sensitive Ca 2ϩ pool apparently resides in the ER (Ruben and Akins, 1992) .
In agreement with our findings, the presence of a SERCA-type Ca 2ϩ ATPase in these parasites has been supported by cloning and sequencing in T. brucei (Nolan et al., 1994) , T. cruzi (Furuya et al., 2001) , and Leishmania mexicana amazonensis (Lu et al., 1997) . In T. brucei, this Ca 2ϩ ATPase activity in vitro possesses a high affinity for Ca 2ϩ , which is sensitive to vanadate and to low concentrations of thapsigargin (Nolan et al., 1994) . However, in T. cruzi, this pump was insensitive to low concentrations (0.3-1 M) of thapsigargin (Furuya et al., 2001 ). In the same study, the authors pointed out differences between the sequences of the M3 and S3 fragments in these trypanosomatids, which are responsible for the sensitivity of SERCA pumps to thapsigargin (Furuya et al., 2001) . They concluded that differences in the transmembrane sequences of the thapsigargin-binding site could account for the observed differences in thapsigargin sensitivity of these pumps in these trypanosomatids (Norregaard et al., 1994) . In this regard, it is interesting to note that T. evansi belongs to the T. brucei clade of trypanosomes (Stevens and Gibson, 1999) . Thus, it is also possible that the effect of thapsigargin observed in T. evansi is a consequence of a closer phylogenetic relationship between this parasite and T. brucei, when compared with other trypanosomatids.
The thapsigargin-sensitive Ca 2ϩ store in T. evansi is presumed to reside in the ER based on (1) the low capacity of this store, (2) intracellular localization because it occurs in the absence of extracellular calcium, (3) ATP dependency and sensitivity to vanadate, (4) specific Ca 2ϩ release by low concentration of thapsigargin, and (5) the fact that nigericin and thapsigargin effects were additive and have different sizes. In conclusion, the results obtained in this work indicate that the ER is the intracellular Ca 2ϩ store targeted by low concentrations of thapsigargin for Ca 2ϩ release in T. evansi, as reported for T. brucei (Ruben and Akins, 1992) . These results also suggest that the Ca 2ϩ pump present in this organelle has strong similarities with the SERCA pump that has been described in higher eukaryotic cells.
This work was supported by grants from the Fondo Nacional de Investigaciones Científicas y Tecnológicas (FONACIT-Venezuela, Grants S1-99000946, S1-99000058, S1-2000000613, G-2000001152, and G-2001000637) , CDCH-UCV PI 03-33-4798-00, and Fundación PolarVenezuela. In the presence of serum (MBS #2), molting efficiency is seen to be high. In the absence of serum (MEM #2), molting does not take place. On supplementation of this medium with 10-50 M nucleosides (all 4), molting is restored to the level seen in the presence of serum. FIGURE 1. L3 were cultured at 5 larvae/well in 96-well, flat-bottom cluster dishes. All wells received vitamin C supplementation to a final concentration of 75 mM on day 5 of culture. Culture conditions used in this experiment were: ␣-MEM supplemented with 10% fetal bovine serum (MBS #1 in Figure) ; ␣-MEM 12571 without fetal bovine serum supplementation (MEM #1); ␣-MEM supplemented with 10% fetal bovine serum (MBS #2); ␣-MEM without 10% fetal bovine serum supplementation (MEM #2). It is noted that the molting efficiency is high in either formulation of ␣-MEM as long as the medium is supplemented with 10% fetal bovine serum. However, in the absence of serum, molting is still efficient in MEM 12571 but does not take place in MEM 12561. ABSTRACT: The nematode parasites Wuchereria bancrofti, Brugia malayi, and B. timori cause a human disease known as lymphatic filariasis, which afflicts approximately 120 million people worldwide. The parasites enter the human host from the mosquito as L3 or infective larvae and subsequently differentiate through 2 molts. In this communication, I report that B. malayi and B. pahangi depend on an exogenous source of at least 1 purine and 1 pyrimidine nucleoside to complete the L3 to L4 molt. The requirement for exogenous nucleosides opens the door for possible chemotherapeutic intervention.
The filarial worms are obligate nematode parasites. They require 2 hosts (a mammal and an insect) to complete their life cycles (Rajan and Gundlapalli, 1997). They enter the mammal as an L3 and develop into the L4 in approximately 8 days. This transformation requires massive reorganization of the structure of the organisms. The L3 is 760-900 m in length, has a sealed buccal cavity, and lacks an open gut and gonads. The L4 is greater than 2 mm in length, has an open buccal cavity, and a fully formed gut and gonads. Development from L3 to L4 is initiated by a shift to 37 C. During this period, the organism synthesizes a new cuticle underneath the old one, after which the old cuticle is cast off.
I have been attempting to determine the minimal culture conditions that will support their growth and development from the infective (L3) to the L4 stage. I have recently shown that Brugia malayi and B. pahangi L3s require vitamin C to molt successfully to L4 (Rajan et al., 2003) and that this compound is optimally effective if added on day 5 of culture. Even when vitamin C is supplemented, however, I noted that the molting efficiency was significantly higher in culture medium based on ␣-minimum essential medium (MEM) than Roswell Park Memorial Institute (RPMI) 1640. In a typical experiment, molting in ␣-MEM was 43.33 Ϯ 6.8% in contrast to 0 Ϯ 0% in RPMI. This led me to compare the constituents of these 2 formulations. I found that in addition to multiple quantitative differences in the precise concentrations of several shared components, there were some qualitative differences. ␣-MEM contains pyruvate (1 mM) and all 4 ribonucleosides and deoxyribonucleosides (at ϳ40 m). These multiple differences made it difficult to approach the puzzle of the differential ability of these 2 serum-free media to support the molt.
Fortunately, 2 different formulations of ␣-MEM are marketed by GIBCO (Invitrogen, Carlsbad, California). These 2 liquid ␣-MEM preparations (catalogs 12561 and 12571) differ from each other solely in the presence of all 4 nucleosides and deoxynucleosides in the latter. The 2 formulations are otherwise identical, unlike the more extensive quantitative and qualitative differences between RPMI and ␣-MEM. This permitted me to investigate whether the 1 qualitative difference between ␣-MEM 12561 and 12571 could be responsible for the observation.
In a head-to-head comparison of the 2 ␣-MEM preparations, I noted FIGURE 4. Columns denoted MBS #1, MEM #1, MBS #2, and MEM #2 are as in Figure 1 . It is noted that the addition of all 4 nucleotides (ACGU) at 40 M to ␣-MEM #2 increases molting efficiency. In this particular experiment, the molting efficiency in the presence of all 4 nucleotides is not as high as that seen in the presence of 10% serum supplementation. In the presence of 2 nucleotides at a time, molting is still high as long as 1 nucleotide is a purine and the other a pyrimidine. FIGURE 5. Columns refer to the mean percent molting for each condition, with the standard error of the mean. Larvae molt well in the presence of 10% FBS but not in serum-free medium. Addition of a single ribonucleoside does not result in a significant increase in molting.
In some experiments, minimal molting was seen in the presence of either C alone or U alone or both but this increase was not statistically significant. that molting was significantly more efficient in serum-free ␣-MEM (catalog 12571) than in serum-free ␣-MEM (catalog 12561) (Fig. 1) . This led me to conclude that B. malayi L3 requires an exogenous source of ribo-or deoxyribonucleosides, or both.
To demonstrate whether either or both ribo-and deoxyribonucleosides are required, I supplemented ␣-MEM 12561 with all 4 ribonucleosides at varying concentrations. The data shown in Figure 2 demonstrate that supplementation of ␣-MEM 12561 with all 4 ribonucleosides (without any deoxyribonucleosides) at concentrations ranging from 20 to 40 m results in molting efficiencies that are comparable with those seen in serum-supplemented medium. At higher concentrations (Ͼ60 m), there was some inhibition of molting.
To determine whether all 4 ribonucleosides were required, I compared the molting efficiency of L3s in RPMI supplemented with 3 nucleotides at a time (ACG, AGU, ACU, CGU). These data (Fig. 3) demonstrate that no one nucleoside appeared to be absolutely limiting because molting did take place in all combinations.
To determine the minimal requirement of nucleosides, I next incubated worms under our standard culture conditions (␣-MEM, catalog 12561 without added fetal bovine serum), supplemented with combinations of 2 nucleosides at a time. These data (Fig. 4) indicate that when the combination of 2 nucleosides includes 1 purine and 1 pyrimidine (A ϩ C or U or G ϩ C or U), molting approaches rates that are seen in the presence of all 4 nucleosides. However, if both the nucleosides are purines (adenosine ϩ guanosine) or pyrimidines (cytidine ϩ uridine), molting frequency is dramatically reduced. These data would imply that the worms require both a purine and a pyrimidine nucleoside to generate the full complement of precursors for RNA and DNA syntheses. Consistent with this observation, when I reduced the number of nucleosides to just 1, molting is extremely inefficient (Fig. 5) . Nucleic acid bases themselves, nucleotides, or their di-or triphosphates do not substitute for the nucleosides (data not shown).
The data demonstrate that in addition to vitamin C, B. malayi L3 requires exogenous nucleosides to progress to L4. These data extend the observations of Chen and Howells (1981) who showed that radioactively labeled adenosine (a ribonucleoside) from the culture medium is incorporated into the tissues but radioactively labeled thymidine (a deoxyribonucleoside) is not.
The absolute requirements for nucleosides for the molting of B. malayi raise the possibility that it should be possible to block molting and further development of L3 from natural infections by nucleoside analogs that are toxic after uptake and incorporation. Howells et al. (1981) tested 2 compounds (5-fluorouracil and 5-fluorocytosine) for micro-and macrofilaricidal efficacy and found that both could block development of the parasites, albeit temporarily. I am currently extending these observations and exploring the effects of other analogs.
In conclusion, I report a completely defined culture condition that supports the L3 to L4 molt of B. malayi. The optimal condition is the use of ␣-MEM (catalog 12561), supplemented at the beginning of culture with 10-40 M nucleosides and supplemented further with 75 M vitamin C on day 5 of culture.
This work was made possible by grants from the NIH to T.V.R. (AI-042362, AI-050228, and AI-039075). I thank Carol McGuiness for excellent technical assistance and Jennifer Wegh for typing the manuscript. ABSTRACT: The leech Placobdella ornata was observed feeding from the blood sinuses of the plastron and carapace bones of Chelydra serpentina and Chrysemys picta. Evidence of successful feeding included blood upwelling from the point of attachment and gastric ceca of the leeches freshly filled with blood after removal. There was an apparent preference for the sulci between scales of the shell.
Of the 8 species of Placobdella in North America, 3 in particular are common ectoparasites of freshwater chelonians: Placobdella papillifera (Verrill, 1872), Placobdella parasitica (Say, 1824), and Placobdella ornata (Verrill, 1872), the last 2 being most common in the vicinity of the Great Lakes (Davies, 1971; Klemm, 1982) . The ecological interactions between these leeches and their turtle hosts have been of interest in terms of studies of seasonal prevalence (e.g., Ernst, 1971; Koffler et al., 1978; Brooks et al., 1990; Saumure and Livingston, 1994; Graham et al., 1997) , relationship to blood parasitology (Siddall and Desser, 1990 , 1991 , 1992 , and also regarding cleaning symbioses exhibited between grackles and turtles (Vogt, 1979) and even between different turtle species (Krawchuck et al., 1997) . Species of Placobdella exhibit seasonal variation in prevalence and intensity on a variety of turtle hosts, with P. parasitica being the species most commonly found on the surface of wild-caught turtles (Ernst, 1971; Koffler et al., 1978; MacCulloch, 1981; Brooks et al., 1990; Saumure and Livingston, 1994; Graham et al., 1997) .
Placobdellid leeches are most often found feeding from accessible soft body regions. For example, P. multilineata, which feeds exclusively on the American alligator, usually is found inside the mouth in the softer portions of the palate corresponding to tooth sockets (Cherry and Ager, 1982; Davies and Wilkialis, 1982; Yang and Davies, 1985) . Those leeches specializing on turtles usually are found on the posterior legs and inguinal region and secondarily on the anterior legs and axillary region (Ernst, 1971; MacCulloch, 1981; Brooks et al., 1990) . Occasionally, leeches have been reported as being present, but rare, on the plastron (Brooks et al., 1990) or on the carapace (MacCulloch, 1981), though Koffler et al. (1978) found this to be a common occurrence on turtles in Saskatchewan. Because P. parasitica is known to remain on its host between blood feedings (Brooks et al., 1990; Graham et al., 1997) , those instances of leeches attached to bony surfaces have been thought to be phoretic only.
On 2 occasions (July 1990 and May 2001) , leeches on the plastron or carapace of turtles in Algonquin Park, Ontario, Canada, were determined to have been blood feeding from bony tissues. In connection with transmission studies of Haemogregarina balli (Siddall and Desser, 1991) , approximately 30 unfed P. ornata were placed in a holding tank with an adult female snapping turtle (Chelydra serpentina). After 3 hr, the turtle was removed from the tank so that the blood-fed leeches could be retrieved. Most of the leeches remaining on the snapping turtle were attached to the inguinal region and hind legs; however, 7 individuals were firmly attached to the plastron by the oral sucker (Fig. 1A-C) . One leech was attached at the sulcus of the left anal and femoral scales (Fig. 1A) and 3 near the margin of the right anal scale (Fig. 1A) , all of which overlie the xiphoplastron bone. One was on the left abdominal scale (not shown) and 2 on the left bridge overlying the hyoplastron and hypoplastron bones. To determine whether these leeches were merely resting in these positions or were feeding from the blood sinuses of the underlying bones, they were gently removed and the attachment points examined. Figure 1B shows 1 such attachment point immediately after the removal of a leech from the left bridge, and Figure 1C illustrates blood upwelling from the attachment point a few seconds later. In May 2001, an additional 12 P. ornata were permitted to feed on an adult painted turtle (Chrysemys picta) by placing them on the carapace of the host. Before attachment, the gastric ceca of each leech were determined to be free of blood. Most of the leeches crawled off of the carapace and onto the soft tissues in the hind leg sockets. However, 3 remained on the carapace attached at the sulcus of the 2 right posterior costal scales (Fig. 1D) . Although blood was not seen welling up from the attachment site after removal of the leeches, each exhibited bloodfilled gastric tissues, indicating that they had acquired a blood meal from the attachment point (Fig. 1E) .
It is clear from these observations that P. ornata is capable of penetrating the bony tissues of turtle shells with its proboscis to obtain a blood meal. These observations may explain pitting observed in fossil turtles from the Cenozoic (Hutchison and Frye, 2001 ). The specific attachment sites observed here suggest that in those circumstances in which leeches eschew the softer skin areas, there is a preference for the sulci between scales overlying the bones. However, these sulci do not correspond to sutures between bony plates of the plastron or the carapace (Zangerl, 1969) . The salivary structure and histochemical characteristics of placobdellid leeches indicate a complex mixture of salivary secretions originating in at least 4 cell types (Siddall, 1991; Moser and Desser, 1995) . The precise enzymatic activities of these secretions are not known; however, one might expect both a mechanism for decalcification and for digestion of connective tissue matrix proteins to permit penetration of the blood sinuses of bony tissue observed here. The most extensively studied salivary enzyme from a glossiphoniid leech is hementin, a neutral mettaloprotease with a high affinity for cleaving fibrinogen (Malinconico et al., 1984) , which in turn is strongly regulated by free calcium ions (Budzynski, 1991) . As well, there is considerable evidence for salivary components in placobdellids that are not antihemostatic like the hyaluronoglucoronidase activity known from virtually every family of leeches (Hovingh and Linker, 1999) . The only salivary proteins characterized so far from P. ornata are the ornatins (Mazur et al., 1991) , which, though they are involved in platelet disaggregation, also have potent disintegrin activity (McLane et al., 1995) .
At present, only P. ornata has been observed feeding from the blood sinuses of turtle bone notwithstanding the fact that P. parasitica is more abundant on turtles (Brooks et al., 1990) . This difference, however, is more a manifestation of these 2 species having markedly different feeding behaviors. Specifically, between feedings P. parasitica is known to remain on its turtle host, digesting until ready for a subsequent blood meal, whereas P. ornata immediately leaves its host on completion of feeding (Siddall and Desser, 1992; Saumure and Livingston, 1994; Graham et al., 1997) . Because P. parasitica can occupy large portions of the available soft body regions in the inguinal and axial areas (Brooks et al., 1990) , it is possible that feeding through bone is an adaptation acquired by P. ornata, permitting acquisition of a blood meal from surfaces not occupied by its congener.
---, AND ---. 1992 (Hirumi et al., 1980) were incubated at an initial cell density of 10 4 parasites per milliliter with varying concentrations of sodium azide (closed squares) or with 1 mM sodium cyanide (open square) in Baltz medium supplemented with 16.7% heat-inactivated fetal bovine serum (Baltz et al., 1985) . After 48 hr of culture at 37 C in a humidified atmosphere containing 5% CO 2 , living cells were counted using a hemocytometer. The experiment was repeated 3 times, and mean values Ϯ SD are shown. The numbers of cells (%) refer to the control in the absence of inhibitor.
ABSTRACT: Bloodstream forms of Trypanosoma brucei lack cytochromes and are, therefore, insensitive to cyanide. Azide is a toxic anion that bears chemical and biological properties in common with cyanide and may act in a similar way by inhibition of cytochrome c oxidase. It was, therefore, surprising to find that bloodstream forms of T. brucei are sensitive to azide; growth is reduced by 50% with 0.1 mM azide. So far, the only enzyme known in bloodstream forms of T. brucei to be sensitive to azide is the iron-containing superoxide dismutase. However, because the activity of the superoxide dismutase was not affected in parasites incubated for 16 hr with 0.5 mM azide (a concentration at which no cell proliferates), the toxic action of azide cannot be due to inhibition of this enzyme. These results indicate that the general toxicity of azide is different from that of cyanide.
Bloodstream forms of Trypanosoma brucei have a poorly developed mitochondrion lacking a functional Krebs cycle and cytochromes (Bowman and Flynn, 1976) . As a result, the mammalian life cycle stage of the parasite relies entirely on glycolysis for energy production. In trypanosomes, the first 7 glycolytic enzymes are compartmentalized in a special organelle, the glycosome (Opperdoes, 1987; Clayton and Michels, 1996) . Within the glycosome, reduced form of nicotinamide adenine dinucleotide is reoxidized during the reduction of dihydroxyacetone phosphate to glycerol-3-phosphate. Glycerol-3-phosphate is reconverted to dihydroxyacetone phosphate by a mitochondrial alternative oxidase that is insensitive to cyanide (Clarkson et al., 1989; Fukai et al., 2003) . For these reasons, bloodstream forms of T. brucei are totally insensitive to cyanide (Bowman and Flynn, 1976) .
Azide is a toxic agent exhibiting some chemical properties and biological effects common to cyanide. Thus, the toxic effect of azide may be like that of cyanide, i.e., due to inhibition of cytochrome c oxidase (Wilson and Erecińska, 1978; Bennett et al., 1996) . Because bloodstream forms of T. brucei lack cytochrome c oxidase, they should be insensitive to azide. Surprisingly, incubation of T. brucei bloodstream forms with sodium azide inhibited the growth of the parasites in a dosedependent manner, with a 50% effective dose (ED 50 ) value of 0.1 mM (Fig. 1) . The lowest concentration of sodium azide at which no cell proliferates was 0.25-0.5 mM. These toxicity levels of sodium azide for bloodstream forms of T. brucei are in the range of those for other eukaryotes, e.g., human EUE fibroblast: ED 50 after 48 hr ϭ 0.24 mM; cytostatic concentration after 48 hr ϭ 1.5 mM (Slameňová and Gabelová, 1980) . In contrast, 1 mM sodium cyanide did not affect the growth of the cells at all (Fig. 1) .
A possible target for the toxic action of azide is the parasite's ironcontaining superoxide dismutase, the only enzyme in bloodstream forms of T. brucei that is sensitive to azide (Le Trant et al., 1983; Kabiri and Steverding, 2001 ). However, the concentration necessary to inhibit the activity of the enzyme in crude cell extracts by 50% is 5 mM (Le Trant et al., 1983 ) and thus 50 times higher than the ED 50 value of 0.1 mM for the growth inhibition of the bloodstream-form trypanosomes. On the other hand, because the superoxide dismutase has a long half-life (Breidbach et al., 2002) , exposure of T. brucei bloodstream forms to azide for any length of time may result in a slow, but progressive, inhibition of the enzyme. Therefore, the activity of superoxide dismutase was determined indirectly by the inhibition of pyrogallol autoxidation (S. Marklund and G. Marklund, 1974) in extracts of T. brucei bloodstream forms that have been incubated for 16 hr with, or without, 0.5 mM sodium azide, the concentration at which the proliferation of the cells was almost abolished. No difference in activity of superoxide dismutase was observed in extracts of bloodstream-form trypanosomes treated with and without sodium azide. Both extracts prevented the autoxidation of pyrogallol to the same extent (Fig. 2) . Likewise, determining the activity of superoxide dismutase by a negative staining procedure after native polyacrylamide gel electrophoresis (Beauchamp and Fridovich, 1971; Breidbach et al., 2002) gave the same result; the intensities of the achromatic superoxide dismutase bands of extracts from T. brucei bloodstream forms treated with and without azide were indistinguishable (data not shown). From these results, it can be excluded FIGURE 2. Effect of azide on the activity of superoxide dismutase in bloodstream forms of Trypanosoma brucei. Culture-adapted TC221 trypanosomes (Hirumi et al., 1980) were grown in Baltz medium supplemented with 16.7% heat-inactivated fetal bovine serum (Baltz et al., 1985) in presence or absence of 0.5 mM azide. After 16 hr, the cells were harvested and lysed in 5 mM Tris, pH 7.8, 0.1 mM ethylenediaminetetraacetic acid, and 0.4 mM PMSF (Breidbach et al., 2002) . The suspension was centrifuged, and the activity of superoxide dismutase in the supernatant was determined indirectly by the inhibition of pyrogallol autoxidation (S. Marklund and G. Marklund, 1974) . Aliquots corresponding to 1.1 ϫ 10 8 cell equivalents were added to 0.2 mM pyrogallol in 50 mM Tris, pH 8.0, 1 mM DTPA, and the increase in absorbance at 420 nm was followed photometrically. Extracts from both azidetreated (closed squares) and control (closed triangles) trypanosomes prevented the autoxidation of pyrogallol, whereas it was not inhibited in the absence of cell extract (open circles). In addition, the presence of 0.5 mM hydrogen peroxide (open diamonds), an inhibitor of iron-containing superoxide dismutase (S. Marklund and G. Marklund, 1974; Kabiri and Steverding, 2001) , in the buffer did not prevent the autoxidation of pyrogallol, demonstrating that the inhibition of the autoxidation of pyrogallol by trypanosome cell extracts was specifically due to superoxide dismutase. A representative result from 2 independent experiments is shown.
that the toxic effect of azide to bloodstream forms of T. brucei is due to inhibition of the iron-containing superoxide dismutase.
Azide can be oxidized by catalase in the presence of hydrogen peroxide, resulting in the generation of nitric oxide (Keilin and Hartree, 1954; Nicholls, 1964) , which has been shown to exert an antimicrobial effect on bloodstream forms of T. brucei (Vincendeau et al., 1992) . However, such a mechanism for the toxic action of azide can also be excluded because trypanosomes lack catalase (Fulton and Spooner, 1956; Boveris et al., 1980) .
Recently, it has been demonstrated that azide catalytically inactivates topoisomerase II (Ju et al., 2001 ). Because T. brucei has a topoisomerase II encoded by a single-copy gene (Strauss and Wang, 1990) , the antitrypanosomal activity of azide may be due to the inactivation of this enzyme. However, topoisomerase II is inactivated by 20 mM sodium azide (Ju et al., 2001 ), a concentration 40 times higher than the lowest concentration of azide (0.5 mM) at which no bloodstream form proliferates. In addition, using inducible RNA interference it was shown that the growth of topoisomerase II RNAi-induced T. brucei bloodstream forms was only slightly reduced over a period of 11 days compared with uninduced cells (Timms et al., 2002) . Thus, it appears that topoisomerase II is not essential for bloodstream forms of T. brucei, and therefore, that the trypanocidal activity of azide cannot be attributed to inactivation of this enzyme.
The real mechanism of the toxic action of sodium azide is still puzzling. Although azide has the ability to inhibit cytochrome c oxidase, it is unlikely that this accounts for its toxicity (Smith and Wilcox, 1994) . For instance, treatment of rats by subcutaneous infusion of 1 mg kg Ϫ1 hr Ϫ1 sodium azide induced only partial inhibition of cytochrome c oxidase after 7 days (Bennett et al., 1996) . Azide-induced death in laboratory animals and in humans appears to be the result of nonasphyxial convulsions and cardiovascular collapse, respectively (Smith and Wilcox, 1994) . On the other hand, there is no doubt that azide can be converted in vivo and in isolated tissue and cells into nitric oxide, which explains its vasodilatory activity (Kaplita et al., 1984; Shahidullah et al., 2002) . Because only small amounts of azide are oxidized to nitric oxide by the action of catalase (Keilin and Hartree, 1954) , it is unclear whether the toxic effect of azide is due to nitric oxide or to the parent anion. The finding of the present study, that bloodstream forms of T. brucei are unexpectedly sensitive to azide, may suggest that indeed the anion itself exerts the toxic effect. Because the mammalian life cycle stage of T. brucei lacks both cytochrome c oxidase and catalase, bloodstream-form trypanosomes may be an ideal model for studying the mechanism of the toxic action of sodium azide, a chemical of rapidly growing commercial importance (Smith and Wilcox, 1994) . ABSTRACT: The broad fish tapeworm, Diphyllobothrium latum, is an exotic species in both Chile and Argentina, and until now, its copepod host has remained unknown in South American waters. The objective of this study was to identify calanoid copepod species that may be intermediate hosts for D. latum in Lake Panguipulli, Chile. In this lake, the highest levels of infection by this tapeworm occur in the introduced rainbow trout, Oncorhynchus mykiss. Of the 2 calanoid copepods found in Lake Panguipulli, Diaptomus diabolicus and Boeckella gracilipes, only D. diabolicus became infected on experimental exposure to coracidia. Prevalence (mean intensity) of experimental infection in adult copepods was 73.2% (2.8 procercoids per host). Diaptomus diabolicus has been demonstrated to be a new intermediate host; this is the first record of a copepod host for D. latum in South America.
Human infections produced by the broad fish tapeworm, Diphyllobothrium latum, have occurred historically throughout Europe, although in recent times the infection occurs mainly in the Baltic countries and Scandinavia (Marty and Neafie, 2000) . A recent resurgence has been documented in Italy, Switzerland, and France (Golay and Mariaux, 1995; Peduzzi and Boucher-Rodoni, 2001) .
Diphyllobothrium latum has been introduced to North America (Grove, 1990) and to South America in Chile (Neghme et al., 1950) and Argentina (Revenga, 1993) . The prevalence of this tapeworm varies between 0.2 and 3.4% in human lakeshore populations in southern Chile (Neghme and Bertin, 1951; Torres, Franjola et al., 1989; Torres et al., 1991 Torres et al., , 1998 . The principal source of the infection is the consumption of insufficiently cooked, raw (as cebiche, sushi, and sashimi), and smoked fish. The latter includes rainbow trout, Oncorhynchus mykiss; brown trout, Salmo trutta; and native fishes such as perch, Percichthys trucha; smelt, Basilichthys australis; cauque, Odonthestes (Cauque) mauleanum; and puyes, Galaxias maculatus (Torres et al., 1998) .
Diphyllobothrium latum infections in fishes have been described between 39ЊS and 41ЊS (Torres et al., 1991 (Torres et al., , 1998 in the north Patagonian lake district (Thomasson, 1963) . The highest prevalence and intensity of infection by D. latum was in rainbow trout collected from Lake Panguipulli (39Њ41ЈS, 72Њ13ЈW) by Torres et al. (1991) . The adult stage of D. latum develops in humans, dogs, and cats; their eggs being eliminated in the feces of the host. The elimination of raw sewage into the lakes and rivers spreads the eggs in the aquatic ecosystems in southern Chile. In the water, these eggs develop into coracidia. In the Northern Hemisphere, coracidia of D. latum are ingested by copepod microcrustaceans (first intermediate hosts) and form procercoid larvae. Once a planktivorous fish ingests an infected copepod, the procercoids develop into plerocercoids (Von Bonsdorff and Bylund, 1982 (in the Northern Hemisphere) and 1 of Boeckella (in Australia), which were highly susceptible to infection. Of 14 species of cyclopoid copepods, only 3 species of Cyclops were highly susceptible. Cyclops spp. are not present in Chile. Seven species of Cyclopoida and 3 species of Calanoida copepods have been recorded in the north Patagonian district (Araya and Zuñiga, 1985; Villalobos and Zuñiga, 1991; Villalobos, 1994) . We hypothesized that 2 species of calanoid copepods observed in Lake Panguipulli, Diaptomus diabolicus and Boeckella gracilipes (Soto and Zuñiga, 1991) , might be the first intermediate hosts of D. latum because of their potentially high susceptibility as suggested by Von Bonsdorff (1977) . This study provides the first results on the susceptibility, prevalence, and intensity of experimental infection in these copepods.
The experimental protocol included infections of dogs with plerocercoids of D. latum, culture of eggs for the development of coracidia, and experimental exposures of the copepods to coracidia.
In March 2002, 21 rainbow trout were collected by gillnetting in Lake Panguipulli, placed whole on ice, and transported to the laboratory within 12 hr, where their viscera and musculature were examined for plerocercoids. Identification of the plerocercoids was performed according to Andersen et al. (1987) , P. Torres, J. Torres et al. (1989) , and Revenga et al. (1995) . Fifteen plerocercoids suspended in 0.9% NaCl were administered orally to each of 2 mixed-breed dogs aged 2 and 5 yr. The dogs were housed and maintained individually according to the guidelines of the Small Animal Clinic of the Veterinary Medicine Faculty, Universidad Austral de Chile. They received professional care during the study; they were fed standard dry dog chow and water ad libitum. Before administration of the plerocercoids, both dogs were tested for natural infections of Diphyllobothrium spp. by fecal exam using phenol-alcohol-formalin sedimentation (PAFS) method (Burrows, 1967) ; natural infections of Toxocara canis and Dipylidium caninum were treated with 50 mg praziquantel, 5 mg pamoate of pirantel, and 15 mg of Febantel (Galgovet, Laboratorio, Santiago, Chile) per kilogram of body weight. Fecal examinations were done 5 days after treatment to verify elimination of natural infections. After each dog was fed the 15 plerocercoids, their feces were examined daily using PAFS. Feces recovered between 20 and 60 days after the initiation of the patent period (21-24 days) were homogenized in artificial pond water (APW) (Ulmer, 1970) and passed through 5 brass screens of consecutive mesh sizes (120, 90, 75, 53 , and 38 m) for separation and suspension of D. latum eggs in APW at 4 Ϯ 1 C. Eggs were incubated for 20-30 days at 20 Ϯ 1 C in aerated, distilled water, pH 7.2, in 1-L Erlenmeyer flasks wrapped in black plastic to exclude light. The dogs were killed 3 mo after infection; 2 and 5 adults of D. latum were recovered from them.
Copepods were collected from Lake Panguipulli by making vertical hauls in the pelagic zone of the lake, using a Ruttner net (Hydrobios, Kiel, Germany) with a mouth opening of 10.4-cm diameter and a 90-m mesh size. Specimens of D. diabolicus and B. gracilipes were separated using a stereoscopic microscope and deposited into 1-L Erlenmeyer flasks containing filtered and aerated Panguipulli Lake water (LW) at 20 Ϯ 1 C with a 12:12-hr light-dark period. The water was changed every 3 days. The copepods were fed daily with a mixture of chow pellets, dried yeast, and alfalfa (Anonymous, 1992) . For infection of the adult copepods, 100 individuals of each species, including both sexes, were taken from their holding flasks and suspended separately by species in 20 ml LW in 10-cm-diameter petri dishes at 20 Ϯ 1 C. Coracidia were obtained from their incubation flasks by manually decanting off about two-thirds of the supernatant water and centrifuging the remainder of the flask contents at 1,000 rpm for 1 min, followed by decanting half this supernatant and resuspending the sedimented pellet in the remaining supernatant water. About 5,000 coracidia were deposited into the petri dishes containing the copepods for 4 hr, after which the copepods of each species were separately trapped on a 100-m-mesh screen and deposited into 1-L of LW in Erlenmeyer flasks and maintained in the same conditions as described above.
Samples of copepods (2-11 individuals) of each species were measured (head to furcal rami) with an ocular micrometer and sexed at 2, 3, 6, 9, 10, 13, 16, 20, 23 , and 31 days after infection on slides under cover glasses. The samples did not include the copepods that died during the experiment. The parasites were removed from copepods by gently pressing the cover glass; their development and presence of cercomer and calcareous corpuscles were determined.
Only D. diabolicus was susceptible to experimental infection by D. latum (Table I) . Of the 100 specimens of D. diabolicus maintained at 20 Ϯ 1 C, 44 copepods died throughout the experiment; these copepods were not examined for procercoids. Living copepods (35 females and 21 males) ranged from 0.9 to 1.8 mm in length. Prevalence and mean intensity of infection in different sampling periods ranged from 29 to 100% (with mean of 73%) and 1.5 to 4.0 procercoids per host (with mean of 2.8 procercoids per host), respectively ( Table I ). The extent of development of D. latum that occurred in the body cavity of D. diabolicus varied (Figs. 1-3) . In this study, cercomers and calcareous corpuscles appeared, beginning at 13 days of infection. Four (7%) copepods showed procercoids in the ocular region, in front of the eyes (Fig.  4) . The majority of procercoids were in the dorsal region, i.e., the cephalothorax, in the 73% of copepods. In heavier infections, the ventral region of the body also harbored procercoids, as in 20% of the copepods (Fig. 5) . Of the 100 specimens of B. gracilipes maintained at 20 Ϯ 1 C, 33 died during the experiment and none of the 67 individuals examined (52 females and 15 males, ranged from 0.7 to 1.1 mm in length) was infected. Twenty adult individuals of each copepod species were examined before experimental use, and none of them was found to be infected.
The high prevalence and intensity of experimental infection by D. latum in D. diabolicus, in general, agrees with results for other species of Calanoida in other countries, i.e., Diaptomus sanguineus, Diaptomus piscinae, and Diaptomus mississippiensis in the United States (Humes, 1950) ; Boeckella minuta in Australia (Bearup, 1957) ; Eudiaptomus gracilis in Switzerland (Michajlow, 1963) ; Eudiaptomus coeruleus, Eudiaptomus gracilis, and Eudiaptomus zachariasi in Finland; and E. gracilis and Acanthodiaptomus denticornis in Norway (Guttowa, 1961) . In these studies, prevalences ranged from 15 to 100% with 1-22 procercoids per host. The occurrence of procercoids in front of the eyes may alter the swimming behavior of infected copepods and make them more susceptible to predation by fish intermediate hosts.
Diaptomus diabolicus is a new experimental intermediate host for D.
latum, and this article records the first copepod host for Diphyllobothrium sp. in South America. Diaptomus diabolicus is herbivorous, endemic to Chile, and has been reported from lakes Panguipulli, Riñihue, Ranco, Rupanco, and Puyehue (Araya and Zuñiga, 1985) , where D. latum has also been reported in fishes (Neghme and Bertin, 1951; Wetzlar, 1979; Torres et al., 1991 Torres et al., , 1998 . This copepod has not been recovered from lakes Caburgua, Llanquihue, and Todos los Santos (Araya and Zuñiga, 1985) , from which D. latum also has not been reported (Torres et al., 1983 (Torres et al., , 1991 . However, this copepod has been found in Lake Huillinco on Chiloe Island, where D. latum has not been found in preliminary surveys (Torres et al., 1990) . Lake Huillinco could become another Chilean lake where D. latum could be maintained. This is because of the physicochemical conditions of the water, the presence of susceptible fish to D. latum, and the consumption of these fishes by humans or domestic animals (Torres et al., 1990) . Recently, infection by Diphyllobothrium sp. was recorded in a rainbow trout from a marine culture center from southern Chile (Torres et al., 2002) . Although this experiment suggested that adult B. gracilipes is not susceptible to infection by D. latum, it is still necessary to assay copepodids of this species because susceptibility to infection in the Northern Hemisphere was shown to depend on the age of some host species (Guttowa, 1961) . Future directions for this work will be collecting D. diabolicus naturally infected with D. latum, examining other copepod species to clarify that D. diabolicus is the most likely intermediate host for the D. latum in Chilean lakes, demonstrating interspecific differences in susceptibility, and determining whether the swimming behavior of the infected copepod is altered.
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FIGURE 1. Antibody levels after experimental infection with 200 L3
Angiostrongylus cantonensis over time, in rabbits (n ϭ 3).
were reared in metal cages and provided with food and drinking water ad lib.
Third-stage larvae of A. cantonensis were isolated from B. glabrata snails. After anesthetizing with 0.6-ml ketamine (50 mg/ml) in 2% Rompum solution (0.6 ml), each rabbit was experimentally infected with 200 larvae by stomach intubation. The infected animals were separately reared. Changes in behavior and activities of these animals were recorded.
Serum samples were prepared from the whole blood of 3 rabbits on days 7, 14, 21, 28, 35, 42, and 49 postinfection (PI). These samples were analyzed by enzyme-linked immunosorbent assay using soluble extracts from homogenized fifth-stage larvae of A. cantonensis as an antigen (Wang et al., 1989) .
Brain MR images were obtained from 6 rabbits on days 5, 7, 10, 14, 21, and 28. MR scannings were performed on a 1.5-T whole-body scanner (Magnetom Vision, Siemens Medical Systems, Erlangen, Germany) with a field gradient strength of 25 mT/m using a standard quadrature head coil. The rabbits were anesthetized with ketamine (1.5 ml) in 2% Rompum solution (1.5 ml). Coronal T1-weighted images of the entire brain were obtained using a spin-echo sequence with a TR/TE of 464/ 3.5 ms, a slice thickness of 1.5 mm, distance factor of 0.1, 80-mm field of view, and a 256 ϫ 256 image matrix. Coronal T2-weighted images of brain were obtained using a fast spin-echo sequence with a TR/TE of 2,136/119 ms, a slice thickness of 2.0 mm, distance factor of 0.1, 90-mm field of view, and a 240 ϫ 256 pixel matrix. Ten radio frequency (RF) excitations for T1-and 15 RF excitations for T2-weighted images were used and summed for signal averaging to increase the signal-tonoise ratio. Acquisition time was 19 min 51 sec for T1-weighted images and 8 min 34 sec for T2-weighted images. Ten to 11 excitations were summed for signal averaging. Labeling of the different structures on MR images was done according to Shek et al. (1986) . After obtaining T2-and T1-weighted MR images, enhanced T1-weighted MR images were obtained after intravenous administration of gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA; Magnevist, Schering AG, Pharmaceutical Division, Berlin, Germany) in a dosage of 0.1 mmol/ kg.
The antibody titer elevated rapidly in the first 4 wk PI and then reached a plateau (Fig. 1) . Although hallmarks of immunologic responses may occur during the early stage of infection, changes in brain MR images were suspected only in 1 rabbit on day 28. The preenhanced T1-weighted MR images ( Fig. 2A-C) revealed hypointensities near the left lateral ventricle and left hippocampus, and T2-weighted MR images (Fig. 2G-I ) did not show any abnormality. Postenhanced MR images after intravenous administration of gadolinium show hyperintensities near the left lateral ventricle and left hippocampus (Fig. 2D-F) .
The rabbit is not a natural definitive host of A. cantonensis. Experimental infections with 100, 200, or 500 third-stage larvae to rabbits do not cause apparent neurological symptoms, whereas all rabbits infected with 1,000 larvae died within 3 days (Alicata, 1965) . Clinical manifestations have been found to be associated with the number of third-stage larvae inoculated (Jindrak and Magnusson, 1981) . In our preliminary study, we found that all rabbits inoculated with 500 or 1,000 larvae died within 72 hr. These rabbits developed paralysis of the hindquarters 24 hr PI and even required artificial feeding. Among those infected with 200, 300, or 400 larvae, no apparent neurological disorder was observed (data not shown). Thus, rabbits infected with 200 third-stage larvae of A. cantonensis should be suitable models for the immunological and radiological investigations.
Detection of antibody titer in experimentally infected rats shows significant variations among different examination techniques. By indirect hemagglutination antibody test, antibodies may be detected as early as day 35 PI, with a peak on day 50 that persisted up to 145 days (Kamiya and Tanaka, 1969; Kamiya, 1970; Chen and Suzuki, 1974; Yong and Dobson, 1982) . However, precipitating antibodies may be detected 1 wk PI (Chen, 1974; Dharmkrong-At et al., 1978) and reaginic antibodies in week 2 PI (Yoshimura and Yamagishi, 1976) . In experimentally infected rabbits, the titer of antibodies against the fifth-stage larvae of A. cantonensis elevates rapidly in the first 4 wk before reaching a plateau. These changes are different from those in rats. In the postmortem examination of rabbits infected with 500 or 1,000 third-stage larvae, we did not discover any larvae from the brain of these animals (data not shown). These findings indicate that the rabbit may have strong immunity to A. cantonensis larvae and that larvae may be destroyed immediately after passing through the blood-brain barrier. Histologic changes in the brain may be induced by the fragments of the larvae. However, we did not observe any change in the brain MR images of 5 rabbits examined from days 5 to 21 PI. The incubation period of the parasite leading to eosinophilic meningitis in humans ranges from 2 to 45 days, with an average of approximately 13-16 days (Hwang and Chen, 1991) . The negative findings of MR imaging indicate that the immunologic responses in the central nervous system at the early stage of infection is not sufficient to be observed by image studies.
Case reports on brain MR findings of human angiostrongyliasis caused by A. cantonensis are not unusual. For example, radicular and cerebral parenchymal involvements have been observed in the brain MR images of a patient with eosinophilic meningitis (Clouston et al., 1990) . A worm was demonstrated on computed tomographic myelography and MR imaging of the spinal cord in a 45-yr-old man with a radiculomyelopathy associated with an eosinophilic pleocytosis and cerebrospinal fluid antibodies to A. cantonensis but without signs or symptoms of meningitis (Wood et al., 1991) . The brain MR images of a 17-yr-old girl with eosinophilic meningoencephalitis and positive in immunological tests showed multiple, small, high intensity areas on Gd-DTPAenhanced T1-weighted images (Ogawa et al., 1998) . In 6 patients with eosinophilic meningoencephalitis, MR images displayed the prominence of the Virchow-Robin spaces, subcortical enhancing lesions, and
